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❘❡♠❡r❝✐❡♠❡♥ts
❱♦✐❝✐ ❞♦♥❝ ❧❛ ♣❛❣❡ ❧❛ ♣❧✉s ✐♠♣♦rt❛♥t❡ ❞❡ ❝❡ ♠é♠♦✐r❡ ❞✬❤❛❜✐❧✐t❛t✐♦♥ à ❞✐r✐❣❡r ❞❡s r❡✲
❝❤❡r❝❤❡s✳ ❊♥ ❧✉✐✲♠ê♠❡✱ ❝❡ ♠é♠♦✐r❡ ❝♦♥st✐t✉❡ s✉rt♦✉t ✉♥ ❡①❡r❝✐❝❡ ❞❡ st②❧❡ ✈✐s❛♥t à rés✉♠❡r
q✉❡❧q✉❡s ✉♥s ❞❡s tr❛✈❛✉① ❞❡ r❡❝❤❡r❝❤❡ q✉❡ ❥✬❛✐ ♣✉ ♠❡♥❡r ❛✉ ❝♦✉rs ❞❡ ❝❡s ❤✉✐t ❞❡r♥✐èr❡s
❛♥♥é❡s✳ ▼❛✐s✱ t♦✉t❡ r❡❝❤❡r❝❤❡ ❡st ✉♥ tr❛✈❛✐❧ ❝♦❧❧❡❝t✐❢ ♣❛r ♥❛t✉r❡✱ ❜❛sé ❛✈❛♥t t♦✉t s✉r ❞❡s
é❝❤❛♥❣❡s ❞✬✐❞é❡s ❡t ❞❡ ❝♦♠♣ét❡♥❝❡s✳ ❆✐♥s✐✱ ♥♦♠❜r❡ ❞❡s rés✉❧t❛ts ♣rés❡♥tés ❞❛♥s ❝❡ ♠é♠♦✐r❡
♥✬❛✉r❛✐❡♥t ♣✉ ✈♦✐r ❧❡ ❥♦✉r s❛♥s ❧✬❛✐❞❡ ❞❡ ♥♦♠❜r❡✉s❡s ♣❡rs♦♥♥❡s✱ q✉❡ ❥❡ t✐❡♥s à r❡♠❡r❝✐❡r ✐❝✐✳
❏❡ ❝♦♠♠❡♥❝❡r❛✐ ♣❛r r❡♠❡r❝✐❡r ❧✬❡♥s❡♠❜❧❡ ❞❡ ❧❛ ❝♦❧❧❛❜♦r❛t✐♦♥ ❍✶✱ ♣♦✉r ❧✬❛♠❜✐❛♥❝❡ ❝❤❛✲
❧❡✉r❡✉s❡ q✉✐ ② rè❣♥❡✱ ♣♦✉r ❞❡ ❧♦♥❣✉❡s ❞✐s❝✉ss✐♦♥s ❞❡ ♣❤②s✐q✉❡ ❡t ❞❡ st✐♠✉❧❛♥t❡s ♣❛ss❡
❞✬❛r♠❡s✳ ❍✶ ❢✉t ✉♥ ❛❣ré❛❜❧❡ t❡rr❛✐♥ ❞❡ ❥❡✉ ❞✉r❛♥t ❝❡s ❤✉✐t ❛♥♥é❡s ♣❛ssé❡s✳ P♦✉rq✉♦✐ ❡♥ ❡❢✲
❢❡t ❢❛✐r❡ ❞❡ ❧❛ ♣❤②s✐q✉❡✱ s✐ ❝❡ ♥✬❡st ♣♦✉r ❣❛r❞❡r ✉♥❡ â♠❡ ❞✬❡♥❢❛♥t✱ t♦✉❥♦✉rs é♠❡r✈❡✐❧❧é ❞❡✈❛♥t
✉♥ tr❛✐♥ é❧❡❝tr✐q✉❡ ❣é❛♥t ♦✉ t♦✉t ❡①❝✐té ❢❛❝❡ à q✉❡❧q✉❡s ♣❡t✐t❡s ✢✉❝t✉❛t✐♦♥s ❞✬é✈é♥❡♠❡♥ts ❄
▼❛❧❣ré ❧❡ t❡♠♣s ✐♠♣♦rt❛♥t ♣❛ssé à ❍❛♠❜♦✉r❣✱ ❝❡ tr❛✈❛✐❧ ❛ ♣r✐♥❝✐♣❛❧❡♠❡♥t été ré❛❧✐sé
❣râ❝❡ ❛✉ s✉♣♣♦rt ❞✉ ❈PP▼✳ ❏❡ t✐❡♥s ❞♦♥❝ ✐❝✐ à r❡♠❡r❝✐❡r ❧✬❡♥s❡♠❜❧❡ ❞❡ s♦♥ ♣❡rs♦♥♥❡❧✱ ♣♦✉r
s❛ ❜♦♥♥❡ ❤✉♠❡✉r✱ s❛ ❞✐s♣♦♥✐❜✐❧✐té ❡t s✉rt♦✉t ♣♦✉r ♥♦✉s ❢❛❝✐❧✐t❡r ❧❡ q✉♦t✐❞✐❡♥ ♣❛r ❧❛ ♣r✐s❡
❡♥ ❝❤❛r❣❡ ❞❡ t♦✉t❡s ❝❡s ♣❡t✐t❡s tr❛❝❛ss❡r✐❡s ❛❞♠✐♥✐str❛t✐✈❡s ✳✳✳ ❯♥ r❡♠❡r❝✐❡♠❡♥t ♣❛rt✐❝✉❧✐❡r
à ▼❛❣❛❧✐ ❉❛♠♦✐s❡❛✉① ❛✈❡❝ q✉✐ ❥✬❛✐ ♣r✐s ✉♥ ❣r❛♥❞ ♣❧❛✐s✐r à tr❛✈❛✐❧❧❡r s✉r q✉❡❧q✉❡s ❡①♣♦s✐✲
t✐♦♥s ❣r❛♥❞ ♣✉❜❧✐❝ ♦✉ ❛❝t✐♦♥s ❞❡ ❝♦♠♠✉♥✐❝❛t✐♦♥✳ ▼❡r❝✐ ♣♦✉r t♦♥ ❡♥t❤♦✉s✐❛s♠❡ ❝♦♥st❛♥t✳
■❧ r❡st❡ ✐♠♣♦rt❛♥t ❞❡ ❢❛✐r❡ ❞é❝♦✉✈r✐r✱ ✈♦✐r ♣❡✉t êtr❡ ❛✐♠❡r✱ ♥♦tr❡ ♠ét✐❡r ❞❡ ❝❤❡r❝❤❡✉r ❛✉①
❣é♥ér❛t✐♦♥s ❢✉t✉r❡s✳
❏❡ r❡♠❡r❝✐❡ ▼❛❞❛♠❡ ❊❧✐s❛❜❡tt❛ ●❛❧❧♦ ❡t ▼❡ss✐❡✉rs P❤✐❧✐♣♣❡ ❇❧♦❝❤ ❡t ❲✐❧❢r✐❡❞ ❇✉❝❤♠ü❧✲
❧❡r ♣♦✉r ♠✬❛✈♦✐r ❢❛✐t ❧✬❤♦♥♥❡✉r ❡t ❧❡ ♣❧❛✐s✐r ❞✬êtr❡ ❧❡s r❛♣♣♦rt❡✉rs ❞❡ ❝❡ tr❛✈❛✐❧✱ ❛✐♥s✐ q✉❡
▼❛❞❛♠❡ ▼❛r✐❡✲❈❧❛✉❞❡ ❈♦✉s✐♥♦✉ ❡t ▼♦♥s✐❡✉r ❏❡❛♥✲❋r❛♥ç♦✐s ●r✐✈❛③ ♣♦✉r ❛✈♦✐r ❛❝❝❡♣té ❞❡
❢❛✐r❡ ♣❛rt✐❡ ❞✉ ❥✉r②✳ ▼❡r❝✐ à ❊r✐❝ ❑❛❥❢❛s③✱ ❛❝t✉❡❧ ❞✐r❡❝t❡✉r ❞✉ ❈PP▼✱ ♣♦✉r ♠✬❛✈♦✐r ✐♥❝✐té à
ré❞✐❣❡r ❝❡tt❡ ❤❛❜✐❧✐t❛t✐♦♥ ❡t ♣♦✉r s♦♥ s♦✉t✐❡♥ à ♠❡s tr❛✈❛✉① ❞❛♥s ❍✶✱ ❛✐♥s✐ q✉✬à ♠❡s ❛✉tr❡s
♣r♦❥❡ts ❢✉t✉rs✳ ▼❡r❝✐ à ❈❧❛✉❞❡ ❱❛❧❧é❡ ♣♦✉r ♠✬❛✈♦✐r ❛❝❝✉❡✐❧❧✐ ❞❛♥s ❧❡ ❣r♦✉♣❡ ❍✶ ❞✉ ❈PP▼
❡t ❛✈♦✐r s✉ ♠❡ ❢❛✐r❡ ❝♦♥✜❛♥❝❡ ❡t ♠❡ ❧❛✐ss❡r ✉♥❡ t♦t❛❧❡ ❧✐❜❡rté ❞❛♥s ♠❡s ❝❤♦✐① ❡t ♦r✐❡♥t❛t✐♦♥s
❞❡ tr❛✈❛✐❧✳
❊♥✜♥✱ ❥❡ t✐❡♥s à r❡♠❡r❝✐❡r t♦✉t ♣❛rt✐❝✉❧✐èr❡♠❡♥t t♦✉s ❧❡s ❛♠✐❡s ❡t ❛♠✐s q✉❡ ❥✬❛✐ ♣✉
❝r♦✐s❡r ❛✉ ❝♦✉rs ❞❡ ❝❡s ❛♥♥é❡s ♣❛ssé❡s s✉r ❧✬❡①♣ér✐❡♥❝❡ ❍✶✱ ❡t ❛✈❡❝ q✉✐ ❥✬❛✐ ♣r✐s ❜❡❛✉❝♦✉♣ ❞❡
♣❧❛✐s✐r à ❝♦❧❧❛❜♦r❡r s✉r ❧❡s ❞✐✛ér❡♥ts s✉❥❡ts é✈♦q✉és ❞❛♥s ❝❡ ♠é♠♦✐r❡✳ ❙❛♥s ❡✉①✱ ❜❡❛✉❝♦✉♣
❞❡ ❝❡s rés✉❧t❛ts ♥✬❛✉r❛✐❡♥t ♣r♦❜❛❜❧❡♠❡♥t ♣❛s ✈✉ ❧❡ ❥♦✉r✱ ♣❛s s♦✉s ❝❡tt❡ ❢♦r♠❡ ❡♥ t♦✉s ❝❛s✳
❯♥ très ❣r❛♥❞ ♠❡r❝✐ ❡t t♦✉t❡ ♠♦♥ ❛♠✐t✐é ❞♦♥❝ à ●❡r❤❛r❞ ❇r❛♥❞t✱ ❈r✐st✐ ❉✐❛❝♦♥✉✱ ▼❛tt✐
P❡❡③✱ ❊♠♠❛♥✉❡❧❧❡ P❡r❡③✱ ❇❡♥❥❛♠✐♥ P♦rt❤❡❛✉❧t✱ ❋❧♦r✐❛♥ ❘♦t❤♠❛✐❡r✱ ▲❛✉r❡♥t ❙❝❤♦❡✛❡❧ ❡t
❚❤✐ ◆❣✉②❡t ❚r✐♥❤✳
❏❡ ❧❛✐ss❡r❛✐ ❧❡ ♠♦t ❞❡ ❧❛ ✜♥ à ❇♦r✐s ❱✐❛♥✱ s♦rt❡ ❞❡ ❝❧✐♥ ❞✬♦❡✐❧ à ♠❛ ❢❛♠✐❧❧❡ ❡t ❛✉ ♠♦♥❞❡
❞❡ ❧❛ r❡❝❤❡r❝❤❡ ✿ ✓ ❱♦✐❧à ❞❡s ♠♦✐s ❡t ❞❡s ❛♥♥é❡s q✉❡ ❥✬❡ss❛②❡ ❞✬❛✉❣♠❡♥t❡r ❧❛ ♣♦rté❡ ❞❡ ♠❛
❜♦♠❜❡ ❡t ❥❡ ♥✬♠❡ s✉✐s ♣❛s r❡♥❞✉ ❝♦♠♣t❡ q✉❡ ❧❛ s❡✉❧❡ ❝❤♦s❡ q✉✐ ❝♦♠♣t❡✱ ❝✬❡st ❧✬❡♥❞r♦✐t ♦ù
❝✬q✉✬❡❧❧❡ t♦♠❜❡ ✔ ✳✳✳

✈✭✳✳✳✮
▲✬✐♥t❡r✈✐❡✇ ❡st ❛❧♦rs ❛rrêté❡ ♠♦♠❡♥t❛♥é♠❡♥t ❡t r❡♣r❡♥❞
❞❛♥s ❧❡ ❜✉r❡❛✉ ❞✉ ♣r♦❢❡ss❡✉r ❋❡②♥♠❛♥✳
▼❛✐s ❧❡ ♠❛❣♥ét♦♣❤♦♥❡ s✬♦❜st✐♥❡ à ♥❡ ♣❛s ✈♦✉❧♦✐r ♠❛r❝❤❡r❀
❛♣rès ❛✈♦✐r ✈ér✐✜é q✉❡ ❧❡ ✜❧ ❡t ❧❡s ❞✐✈❡rs❡s t♦✉❝❤❡s s♦♥t ❜✐❡♥ ❡♥ ♣❧❛❝❡✱
❋❡②♥♠❛♥ s✉❣❣èr❡ s✐♠♣❧❡♠❡♥t ❞✬❡♥❧❡✈❡r ♣✉✐s ❞❡ r❡♠❡ttr❡ ❧❛ ❝❛ss❡tt❡✳
❋❡②♥♠❛♥ ✿ ❱♦✐❧à✱ ç❛ ② ❡st✳ ❱♦✉s ✈♦②❡③✳ ❨ ❛ q✉✬à ❝♦♥♥❛îtr❡ ❧❡ ♠♦♥❞❡ ✦
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❋ ❙❡❛r❝❤ ❢♦r ❊①❝✐t❡❞ ❊❧❡❝tr♦♥s ✐♥ ep ❈♦❧❧✐s✐♦♥s ❛t ❍❊❘❆ ✶✷✸
● ❙❡❛r❝❤ ❢♦r ❊①❝✐t❡❞ ◗✉❛r❦s ✐♥ ep ❈♦❧❧✐s✐♦♥s ❛t ❍❊❘❆ ✶✸✸
❍ ▼✉❧t✐✲❊❧❡❝tr♦♥ Pr♦❞✉❝t✐♦♥ ❛t ❍✐❣❤ ❚r❛♥s✈❡rs❡ ▼♦♠❡♥t❛ ✐♥ ep ❈♦❧❧✐s✐♦♥s
❛t ❍❊❘❆ ✶✹✸
■ ▼✉❧t✐✲▲❡♣t♦♥ Pr♦❞✉❝t✐♦♥ ❛t ❍✐❣❤ ❚r❛♥s✈❡rs❡ ▼♦♠❡♥t❛ ✐♥ ep ❈♦❧❧✐s✐♦♥s
❛t ❍❊❘❆ ✶✺✺
❏ ▼✉❧t✐✲▲❡♣t♦♥s ✇✐t❤ ❍✐❣❤ ❚r❛♥s✈❡rs❡ ▼♦♠❡♥t✉♠ ❛t ❍❊❘❆ ✶✻✺
❑ ❙❡❛r❝❤ ❢♦r ❉♦✉❜❧②✲❈❤❛r❣❡❞ ❍✐❣❣s ❇♦s♦♥ Pr♦❞✉❝t✐♦♥ ❛t ❍❊❘❆ ✶✼✶
▲ ❆ ●❡♥❡r❛❧ ❙❡❛r❝❤ ❢♦r ◆❡✇ P❤❡♥♦♠❡♥❛ ✐♥ ep ❙❝❛tt❡r✐♥❣ ❛t ❍❊❘❆ ✶✼✾
▼ ❆ ●❡♥❡r❛❧ ❙❡❛r❝❤ ❢♦r ◆❡✇ P❤❡♥♦♠❡♥❛ ❛t ❍❊❘❆ ✶✾✶
■♥tr♦❞✉❝t✐♦♥ ✸
■♥tr♦❞✉❝t✐♦♥
▲✬♦❜❥❡❝t✐❢ ♣r✐♥❝✐♣❛❧ ❞❡ ❧❛ r❡❝❤❡r❝❤❡ ❡♥ ♣❤②s✐q✉❡ ❞❡s ♣❛rt✐❝✉❧❡s ❡st ❞❡ ❝♦♠♣r❡♥❞r❡ ❡t ❞❡
♣♦✉✈♦✐r ❞é❝r✐r❡ ❧❛ str✉❝t✉r❡ ❞❡ ❧❛ ♠❛t✐èr❡ ❡t s❡s ✐♥t❡r❛❝t✐♦♥s✳ ❙❡❧♦♥ ❧✬ét❛t ❛❝t✉❡❧ ❞❡ ♥♦s
❝♦♥♥❛✐ss❛♥❝❡s✱ ❧❡s ❝♦♥st✐t✉❛♥ts ❢♦♥❞❛♠❡♥t❛✉① ❞❡ ❧❛ ♠❛t✐èr❡ s♦♥t ❞❡s ❢❡r♠✐♦♥s✱ ❧❡s ❧❡♣t♦♥s
❡t ❧❡s q✉❛r❦s✱ ❝❛r❛❝tér✐sés ♣❛r ❧❡ ♥♦♠❜r❡ ❧❡♣t♦♥✐q✉❡ ❡t ❧❛ s❛✈❡✉r ❞❡s q✉❛r❦s ❡t q✉❡ ❧✬♦♥ ♣❡✉t
❝❧❛ss❡r ❡♥ tr♦✐s ❢❛♠✐❧❧❡s✳ ▲❡s ❧❡♣t♦♥s s♦♥t ❞❡s ♣❛rt✐❝✉❧❡s ❧✐❜r❡s ♣♦✉✈❛♥t êtr❡ ❞ét❡❝té❡s✳ ▲❡s
q✉❛r❦s✱ q✉❛♥t à ❡✉①✱ ♥✬❡①✐st❡♥t q✉❡ s♦✉s ❢♦r♠❡ ❞✬ét❛ts ❧✐és✱ ❧❡s ❤❛❞r♦♥s✳ ▲❡✉r ❡①✐st❡♥❝❡ ♣❡✉t
êtr❡ ❞é❞✉✐t❡ ❞❡s ♠❡s✉r❡s ❡①♣ér✐♠❡♥t❛❧❡s ❞❡s ✐♥t❡r❛❝t✐♦♥s ❡♥tr❡ ♣❛rt✐❝✉❧❡s ❡t ❞❡ ❧❛ ♣r♦❞✉❝t✐♦♥
❞❡ ❤❛❞r♦♥s✳ ▲❛ ❧✐❛✐s♦♥ ❞❡ ❝❡s ♣❛rt✐❝✉❧❡s ❡♥tr❡ ❡❧❧❡s ❡t ❧❛ ❝♦❤és✐♦♥ ❞❡ ♥♦tr❡ ✉♥✐✈❡rs s❡♠❜❧❡
êtr❡ ❛ss✉ré❡ ♣❛r s❡✉❧❡♠❡♥t q✉❛tr❡ ❢♦r❝❡s ✿ ❧❡s ✐♥t❡r❛❝t✐♦♥s é❧❡❝tr♦♠❛❣♥ét✐q✉❡✱ ❢❛✐❜❧❡✱ ❢♦rt❡
❡t ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡✳ ❙❡✉❧❡s ❧❡s tr♦✐s ♣r❡♠✐èr❡s ❥♦✉❡♥t ✉♥ rô❧❡ ❞❛♥s ❧✬ét✉❞❡ ♠✐❝r♦s❝♦♣✐q✉❡ ❞❡
♥♦tr❡ ✉♥✐✈❡rs✳ ▲❡✉r ❞❡s❝r✐♣t✐♦♥ ❞❛♥s ✉♥ ♠ê♠❡ ❝❛❞r❡ t❤é♦r✐q✉❡ ❜❛sé s✉r ❞❡s t❤é♦r✐❡s ❞❡
❥❛✉❣❡ ❝♦♥st✐t✉❡ ❝❡ q✉❡ ♥♦✉s ❛♣♣❡❧♦♥s ❝♦♠♠✉♥é♠❡♥t ❧❡ ♠♦❞è❧❡ st❛♥❞❛r❞ ✭▼❙✮✳
❉❛♥s ❧❡ ♠♦❞è❧❡ st❛♥❞❛r❞✱ ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞❡s ✐♥t❡r❛❝t✐♦♥s é❧❡❝tr♦♠❛❣♥ét✐q✉❡ ❡t ❢❛✐❜❧❡ ❡st
❜❛sé❡ s✉r ❧❡s ❣r♦✉♣❡s SU(2)L ❞✬✐s♦s♣✐♥ ❢❛✐❜❧❡ ❡t U(1)Y ❞✬❤②♣❡r❝❤❛r❣❡ ❢❛✐❜❧❡✳ ▲❛ s②♠étr✐❡
❡st ❜r✐sé❡ s♣♦♥t❛♥é♠❡♥t à ∼ 100 ●❡❱ ❡♥ ✐♥tr♦❞✉✐s❛♥t ❞❛♥s ❧❛ t❤é♦r✐❡ ❞❡s ♠és♦♥s s❝❛❧❛✐r❡s✱
❛♣♣❡❧é❡s ♣❛rt✐❝✉❧❡s ❞❡ ❍✐❣❣s✳ ◆♦✉s tr♦✉✈♦♥s ❛❧♦rs ❞❡s ❜♦s♦♥s ✈❡❝t❡✉rs ♠❛ss✐❢s✱ ♥❡✉tr❡ ✭Z0✮
❡t ❝❤❛r❣és ✭W±✮ q✉✐ ✈é❤✐❝✉❧❡♥t ❧✬✐♥t❡r❛❝t✐♦♥ ❢❛✐❜❧❡ ❡t ✉♥ ❜♦s♦♥ ✈❡❝t❡✉r ♥❡✉tr❡ s❛♥s ♠❛ss❡✱
❧❡ ♣❤♦t♦♥✳ ▲❡s ♣r♦❣rès t❛♥t ❡①♣ér✐♠❡♥t❛✉① q✉❡ t❤é♦r✐q✉❡s ❛❝❝♦♠♣❧✐s ❞❛♥s ❧❛ ❞❡s❝r✐♣t✐♦♥
❞✉ s❡❝t❡✉r é❧❡❝tr♦❢❛✐❜❧❡ s♦♥t é♥♦r♠❡s✳ ▲❡s ❜♦s♦♥s W± ❡t Z0 ♦♥t été ❞é❝♦✉✈❡rts ❛✉♣rès
❞✉ ❝♦❧❧✐s✐♦♥♥❡✉r ♣r♦t♦♥✲❛♥t✐♣r♦t♦♥ ❞✉ ❈❊❘◆ ❡♥ 1983✱ ❡t✱ ❣râ❝❡ ❛✉① ❞❡✉① ❝♦❧❧✐s✐♦♥♥❡✉rs
é❧❡❝tr♦♥✲♣♦s✐tr♦♥ ❞❡ ❤❛✉t❡ é♥❡r❣✐❡ q✉✬ét❛✐❡♥t ❧❡ ❙▲❈ ❡t s✉rt♦✉t ❧❡ ▲❊P✱ ❧❡s ♣❛r❛♠ètr❡s
é❧❡❝tr♦❢❛✐❜❧❡s ❞✉ ▼❙ ♦♥t ♣✉ êtr❡ ♠❡s✉rés ❛✈❡❝ ✉♥❡ ❡①trê♠❡ ♣ré❝✐s✐♦♥✳ ▲❡s ♣ré❞✐❝t✐♦♥s t❤é♦✲
r✐q✉❡s ❡t ❧❡s ♠❡s✉r❡s ❡①♣ér✐♠❡♥t❛❧❡s s♦♥t ❡♥ ❛❝❝♦r❞ à ♠✐❡✉① q✉❡ 10−3✳ ▲❡ ❜♦s♦♥ ❞❡ ❍✐❣❣s
r❡st❡ ❝❡♣❡♥❞❛♥t ❧❛ s❡✉❧❡ ✐♥❝♦♥♥✉❡ ❞❡ ❝❡ ♠♦❞è❧❡✳ ▲❡s ❛❥✉st❡♠❡♥ts ❣❧♦❜❛✉① ❞❡s ♣❛r❛♠ètr❡s
❞✉ s❡❝t❡✉r é❧❡❝tr♦❢❛✐❜❧❡ ♣❡r♠❡tt❡♥t ❝❡♣❡♥❞❛♥t ❞❡ ❝♦♥tr❛✐♥❞r❡ s❛ ♠❛ss❡✳ ❆❝t✉❡❧❧❡♠❡♥t✱ ❧❛
✈❛❧❡✉r ❝❡♥tr❛❧❡ ❞❡ ❧✬❛❥✉st❡♠❡♥t ♣ré❞✐t ✉♥❡ ♠❛ss❡ ❞✉ ❍✐❣❣s ❞❡ 83+30−23 ●❡❱✱ s❛♥s ❝♦♥s✐❞ér❡r
❧❡s ❧✐♠✐t❡s ❞❡ r❡❝❤❡r❝❤❡s ❞✐r❡❝t❡s ♣♦sé❡s ♣❛r ❧❡ ▲❊P ❡t✱ ré❝❡♠♠❡♥t✱ ♣❛r ❧❡ ❚❡✈❛tr♦♥✳ ❙✐ ❝❡s
❧✐♠✐t❡s s♦♥t ♣r✐s❡s ❡♥ ❝♦♠♣t❡✱ ❧❛ ✈❛❧❡✉r ❛❧♦rs ♣ré❞✐t❡ ♣♦✉r ❧❛ ♠❛ss❡ ❞✉ ❜♦s♦♥ ❞❡ ❍✐❣❣s ❡st
❞❡ 116+16−1.3 ●❡❱✳
▲❡s ✐♥t❡r❛❝t✐♦♥s ❞❡ q✉❛r❦s ❡t ❞❡ ❣❧✉♦♥s s♦♥t ❞é❝r✐t❡s ♣❛r ❧❛ ❝❤r♦♠♦❞②♥❛♠✐q✉❡ q✉❛♥t✐q✉❡
✭◗❈❉✮✱ ✉♥❡ t❤é♦r✐❡ ❞❡ ❥❛✉❣❡ ♥♦♥ ❛❜é❧✐❡♥♥❡ ❜❛sé❡ s✉r ❧❡ ❣r♦✉♣❡ ❞❡s s②♠étr✐❡s ❞❡ ❝♦✉❧❡✉rs
SU(3)C ✳ ▲❛ ❝♦✉❧❡✉r ❡st ❧✬éq✉✐✈❛❧❡♥t ❞❡ ❧❛ ❝❤❛r❣❡ é❧❡❝tr✐q✉❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s é❧❡❝tr♦♠❛❣♥é✲
t✐q✉❡s✳ ▲❡s q✉❛r❦s✱ ❝❤❛❝✉♥ ❞❡ tr♦✐s ❝♦✉❧❡✉rs✱ ✐♥t❡r❛❣✐ss❡♥t ♣❛r é❝❤❛♥❣❡ ❞❡ ❜♦s♦♥s ✈❡❝t❡✉rs
é❧❡❝tr✐q✉❡♠❡♥t ♥❡✉tr❡s✱ ❧❡s ❣❧✉♦♥s✱ q✉✐ ❢♦r♠❡♥t ✉♥ ♦❝t❡t ❞❡ ❝♦✉❧❡✉r✳ ▲❡s ❣❧✉♦♥s ♥❡ s♦♥t ♣❛s
♥❡✉tr❡s ❞❡ ❝♦✉❧❡✉r ❡t ❞♦♥❝ ✐♥t❡r❛❣✐ss❡♥t ❢♦rt❡♠❡♥t ❡♥tr❡ ❡✉①✳ ▲❛ ❝♦♥st❛♥t❡ ❞❡ ❝♦✉♣❧❛❣❡ ❢♦rt
αs ❞é♣❡♥❞ ❞❡ ❧✬é❝❤❡❧❧❡ à ❧❛q✉❡❧❧❡ ❧❡ ♣r♦❝❡ss✉s ◗❈❉ ❛ ❧✐❡✉✳ ▲❛ s♦❧✉t✐♦♥ ❞❡s éq✉❛t✐♦♥s ❞✉
✹ ■♥tr♦❞✉❝t✐♦♥
❣r♦✉♣❡ ❞❡ r❡♥♦r♠❛❧✐s❛t✐♦♥ à ❧✬♦r❞r❡ ❞♦♠✐♥❛♥t ❞♦♥♥❡ ✿
αs(Q
2) =
4π
β0 ln(Q2/Λ2QCD)
, ✭✶✮
♦ù Q2 r❡♣rés❡♥t❡ ❧✬é❝❤❡❧❧❡ à ❧❛q✉❡❧❧❡ αs ❡st s♦♥❞é❡ ❡t ΛQCD ❡st ✉♥ ♣❛r❛♠ètr❡ ❞❡ ❝✉✲
t♦✛ ◗❈❉✳ ▲❡ ♣❛r❛♠ètr❡ β0 ❞é♣❡♥❞ ❞✉ ♥♦♠❜r❡ ❞❡ s❛✈❡✉rs ❞❡ q✉❛r❦s ❞❡ ❧❛ t❤é♦r✐❡✱ Nf ✿
β0 = 11− 2/3Nf ✳ ▲❡ ♥♦♠❜r❡ ❞❡ s❛✈❡✉rs ❞❡ q✉❛r❦s ❝♦♥♥✉❡s ét❛♥t ❞❡ 6✱ β0 > 0 ❡t ❧❛ ❝♦♥st❛♥t❡
❞❡ ❝♦✉♣❧❛❣❡ ❞✐♠✐♥✉❡ à ♠❡s✉r❡ q✉❡ ❧✬é❝❤❡❧❧❡ Q2 ❛✉❣♠❡♥t❡✳ ❈❡tt❡ ♣r♦♣r✐été✱ ❞✐t❡ ❞❡ ❧✐❜❡rté
❛s②♠♣t♦t✐q✉❡✱ ❛ été ♣r♦✉✈é❡ ❞❡ ♠❛♥✐èr❡ r✐❣♦✉r❡✉s❡ ❡t ❡st ✉t✐❧✐sé❡ ♣♦✉r ❢❛✐r❡ ❞❡s ♣ré❞✐❝t✐♦♥s
s✉r ❧❡s ♣r♦♣r✐étés ❞❡s ✐♥t❡r❛❝t✐♦♥s ❢♦rt❡s ❞❛♥s ❧❡ ré❣✐♠❡ ♣❡rt✉r❜❛t✐❢ ❞❡ ◗❈❉✱ ♦ù αs ❡st
❢❛✐❜❧❡✳ ❯♥❡ ❛✉tr❡ ♣r♦♣r✐été ✐♠♣♦rt❛♥t❡ ❞❡ ◗❈❉ ❡st ❧❡ ❝♦♥✜♥❡♠❡♥t q✉✐ ❝♦♥s❡r✈❡ ❧❡s q✉❛r❦s
❧✐és ❡♥ ❤❛❞r♦♥s ♥❡✉tr❡ ❞❡ ❝♦✉❧❡✉rs ❡t ❡♠♣ê❝❤❡ ❞♦♥❝ t♦✉t❡ ♦❜s❡r✈❛t✐♦♥ ❞❡ q✉❛r❦s ❧✐❜r❡s✳
❊♥ ◗❈❉✱ ❧❡ ❞❡❣ré ❞❡ ❧✐❜❡rté ❞❡ ❝♦✉❧❡✉r ❡t ❧❡ ❝♦♥✜♥❡♠❡♥t ❡①♣❧✐q✉❡♥t ♣♦✉rq✉♦✐ ❧❡s ❤❛✲
❞r♦♥s ♦❜s❡r✈és s♦♥t ❝♦♥st✐t✉és s♦✐t ❞✬✉♥❡ ♣❛✐r❡ qq¯✱ ❧❡s ♠és♦♥s✱ s♦✐t ❞❡ tr♦✐s q✉❛r❦s qqq ✭♦✉
❛♥t✐q✉❛r❦s q¯q¯q¯✮✱ ❧❡s ❜❛r②♦♥s✳ ❈❡s ❝♦♠❜✐♥❛✐s♦♥s ❛ss✉r❡♥t q✉❡ ❧❡s ❤❛❞r♦♥s s♦✐❡♥t s❛♥s ❝♦✉✲
❧❡✉r ❡t ❞❡ ❝❤❛r❣❡ é❧❡❝tr✐q✉❡ ❡♥t✐èr❡✳ ▲❡ ♠♦❞è❧❡ ♥❛ï❢ ❞❛♥s ❧❡q✉❡❧ ❧❡s ❤❛❞r♦♥s s♦♥t ✈✉s ❝♦♠♠❡
❝♦♠♣♦sés ✉♥✐q✉❡♠❡♥t ❞❡ q✉❛r❦s ♦✉ ❞✬❛♥t✐q✉❛r❦s ❧✐❜r❡s ❡st ❛♣♣❡❧é ❧❡ ♠♦❞è❧❡ ❞❡s q✉❛r❦s✲
♣❛rt♦♥s✳ ❈❡tt❡ ✐♠❛❣❡ ♥❛ï✈❡ ❞❡s ❤❛❞r♦♥s ❞♦✐t êtr❡ ♠♦❞✐✜é❡ ❡♥ ◗❈❉ ❞❡ ❢❛ç♦♥ à ♣r❡♥❞r❡ ❡♥
❝♦♠♣t❡ ❧❡s r❛❞✐❛t✐♦♥s ❡t ❛❜s♦r♣t✐♦♥s ❞❡ ❣❧✉♦♥s ♣❛r ❧❡s q✉❛r❦s✱ ❛✐♥s✐ q✉❡ ❧❡s ❝ré❛t✐♦♥s ❞❡
♣❛✐r❡s qq¯ ♣❛r ❧❡s ❣❧✉♦♥s✳ ❆✐♥s✐✱ ❧❡s ❤❛❞r♦♥s s♦♥t ❡♥ ❢❛✐t ❝♦♥st✐t✉és ❞❡ q✉❛r❦s ❡t ❞❡ ❣❧✉♦♥s
❡t ♥♦✉s s❛✈♦♥s ♠❛✐♥t❡♥❛♥t q✉✬❡♥✈✐r♦♥ 50✪ ❞❡ ❧✬✐♠♣✉❧s✐♦♥ ❞✉ ♣r♦t♦♥ ❡st ❡♥ ❢❛✐t ♣♦rté❡ ♣❛r
❧❡s ❣❧✉♦♥s✳
▲❛ ◗❈❉ ❛ ❞❡✉① ♣r♦♣r✐étés q✉✐ ❧❛ r❡♥❞❡♥t ❜✐❡♥ ♣❧✉s ❞✐✣❝✐❧❡ à ♠❛♥✐♣✉❧❡r s✉r ❧❡ ♣❧❛♥ t❤é♦✲
r✐q✉❡ q✉❡ ❧❛ t❤é♦r✐❡ é❧❡❝tr♦❢❛✐❜❧❡✳ Pr❡♠✐èr❡♠❡♥t ❧❛ ❝♦♥st❛♥t❡ ❞❡ ❝♦✉♣❧❛❣❡ αs ❡st ❣r❛♥❞❡✱ ❝❡
q✉✐ r❡♥❞ ❧✬❡♠♣❧♦✐ ❞❡s ❝❛❧❝✉❧s ♣❡rt✉r❜❛t✐❢s ❞✐✣❝✐❧❡✳ ❉❡✉①✐è♠❡♠❡♥t✱ ❞❡ ♣❛r ❧❛ ♥❛t✉r❡ ♥♦♥✲
❛❜é❧✐❡♥♥❡ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥✱ ❧❡s ❣❧✉♦♥s ♣❡✉✈❡♥t ✐♥t❡r❛❣✐r ❡♥tr❡ ❡✉①✱ ❝♦♥❞✉✐s❛♥t ❛✉ ❝♦♥✜♥❡♠❡♥t
❞❡ ❧❛ ❝♦✉❧❡✉r✳ ▲❡s ❞✐str✐❜✉t✐♦♥s ❞❡ ♣❛rt♦♥s ❞❡s ❤❛❞r♦♥s ♥❡ ♣❡✉✈❡♥t ❛❝t✉❡❧❧❡♠❡♥t êtr❡ ❝❛❧❝✉✲
❧é❡s à ♣❛rt✐r ❞❡s ♣r✐♥❝✐♣❡s ♣r❡♠✐❡rs ❞❡ ❧❛ ◗❈❉✳ ❊♥ ❡✛❡t✱ ❧❡s ❝❛❧❝✉❧s ❞♦✐✈❡♥t ❛❧♦rs êtr❡ ❢❛✐ts
❞❛♥s ✉♥ ré❣✐♠❡ ❞❡ ❧❛ ◗❈❉ ♦ù ❧✬❛♣♣r♦❝❤❡ ♣❡rt✉r❜❛t✐✈❡ ♥✬❡st ♣❛s ❛♣♣❧✐❝❛❜❧❡✳ ❈❡♣❡♥❞❛♥t✱
❣râ❝❡ ❛✉ t❤é♦rè♠❡ ❞❡ ❢❛❝t♦r✐s❛t✐♦♥ ❬❈♦❧✽✺❪✱ ❧❡s s❡❝t✐♦♥s ❡✣❝❛❝❡s ❞❡ ré❛❝t✐♦♥s ❞✉r❡s ❡♥tr❡
❤❛❞r♦♥s ♣❡✉✈❡♥t êtr❡ ❞é❝♦♠♣♦sé❡s ❡♥ ✉♥ ✢✉① ✉♥✐✈❡rs❡❧ ❞❡ ♣❛rt♦♥s ❡t ✉♥❡ s❡❝t✐♦♥ ❡✣❝❛❝❡
❞✉r❡ ❞✉ s♦✉s✲♣r♦❝❡ss✉s ❡♥tr❡ ♣❛rt♦♥s✳ ▲❛ ♠❡s✉r❡ ❞❡s ❞✐str✐❜✉t✐♦♥s ❞❡ ♣❛rt♦♥s ❞❡✈✐❡♥t ❛❧♦rs
✉♥ é❧é♠❡♥t ❡ss❡♥t✐❡❧ ♣♦✉r t❡st❡r ❧❛ ✈❛❧✐❞✐té ❞❡ ❧❛ ◗❈❉✱ ❡t ❝❛❧❝✉❧❡r ❧❡s s❡❝t✐♦♥s ❡✣❝❛❝❡s ❞❡
♣r♦❝❡ss✉s ❞✉rs ✐♠♣❧✐q✉❛♥t ❞❡s ❤❛❞r♦♥s✳
▲❛ ◗❈❉ ❛ été t❡sté❡ ❡♥ ❞ét❛✐❧ ❞❛♥s ❧❡ ré❣✐♠❡ ♣❡rt✉r❜❛t✐❢ ❡t ♣❡r♠❡t ❞❡ ❜✐❡♥ ❞é❝r✐r❡
❧❡s ♠❡s✉r❡s✳ ❈❡♣❡♥❞❛♥t✱ ❧❡s ♦❜s❡r✈❛❜❧❡s ❡①♣ér✐♠❡♥t❛❧❡s ét❛♥t ❜❛sé❡s s✉r ❞❡s ét❛ts ✜♥❛❧s ❞❡
❤❛❞r♦♥s✱ ♣❧✉tôt q✉❡ ❞❡ ♣❛rt♦♥s s✉r ❧❡sq✉❡❧s ❧❡s ❝❛❧❝✉❧s ♣❡rt✉r❜❛t✐❢s s✬❛♣♣❧✐q✉❡♥t✱ ❧❡ ❞❡❣ré
❞❡ ♣ré❝✐s✐♦♥ ❞❡s t❡sts ❞❡ ❧❛ ◗❈❉ r❡st❡ ✐♥❢ér✐❡✉r à ❝❡❧✉✐ ❞❡s ✐♥t❡r❛❝t✐♦♥s é❧❡❝tr♦❢❛✐❜❧❡s✳ ❉❡
♣❧✉s✱ ❥✉sq✉✬à ♠❛✐♥t❡♥❛♥t ✐❧ ❡st très ❞✐✣❝✐❧❡ ❞❡ ❞é❝r✐r❡ ❧❡s ♣r♦❝❡ss✉s ◗❈❉ ❞❛♥s ❧❡ ré❣✐♠❡
♥♦♥ ♣❡rt✉r❜❛t✐❢✱ ♣r♦❝❡ss✉s ❞✐ts ♠♦✉s ✭s♦❢ts✮✳
❉❛♥s ❝❡ ré❣✐♠❡ ♥♦♥ ♣❡rt✉r❜❛t✐❢✱ ❧✬❛♣♣r♦❝❤❡ ♣❤é♥♦♠é♥♦❧♦❣✐q✉❡ ❞❡ ❧❛ t❤é♦r✐❡ ❞❡ ❘❡❣❣❡
❬❘❡❣✺✾✱ ❘❡❣✻✵❪ ❢♦✉r♥✐t ❡♥❝♦r❡ ❧❛ ♠❡✐❧❧❡✉r❡ ❞❡s❝r✐♣t✐♦♥ ❞❡s s❡❝t✐♦♥s ❡✣❝❛❝❡s q✉❡ ♥♦✉s ❛②♦♥s✳
❆ ❝❛✉s❡ ❞❡ ❧❛ ♣r♦♣r✐été ❞❡ ❝♦♥✜♥❡♠❡♥t ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❢♦rt❡✱ à ❜❛s tr❛♥s❢❡rt ❞✬✐♠♣✉❧s✐♦♥✱
❧❛ s♦✉s✲str✉❝t✉r❡ ❞❡s ❤❛❞r♦♥s ♥✬❡st ♣❛s rés♦❧✉❡ ❡t ❧✬✐♥t❡r❛❝t✐♦♥ ❢♦rt❡ rés✐❞✉❡❧❧❡ ❛ ❧✐❡✉ ❡♥tr❡
❞❡s ❤❛❞r♦♥s ❝♦♠♣♦s✐t❡s✱ ♣❧✉tôt q✉✬❡♥tr❡ ❧❡s q✉❛r❦s ❡t ❣❧✉♦♥s ❡✉①✲♠ê♠❡s✳ ▲❛ ♣r♦♣r✐été
❞❡ ❝♦♥✜♥❡♠❡♥t ❞❡ ❧❛ ◗❈❉ ♣❡✉t êtr❡ ✐♥❝♦r♣♦ré❡ ❞❛♥s ✉♥❡ ✐♠❛❣❡ ♦ù ❧✬✐♥t❡r❛❝t✐♦♥ ❢♦rt❡
♣ér✐♣❤ér✐q✉❡ q✉✐ ❛ ❧✐❡✉ ❡♥tr❡ ❤❛❞r♦♥s ♥✬❡st ♣❛s ✈✉❡ ❡♥ t❡r♠❡s ❞✬é❝❤❛♥❣❡ ❞❡ ❜♦s♦♥s ❞❡ ❥❛✉❣❡
■♥tr♦❞✉❝t✐♦♥ ✺
♠❛✐s ❞✉❡ à ❧✬é❝❤❛♥❣❡ ❞❡ ❣r♦✉♣❡s ❞❡ ♣❛rt♦♥s ❝♦❧♦rés✱ ✐♥❝❧✉❛♥t ❞❡s ❤❛❞r♦♥s ✈✐rt✉❡❧s s✐♥❣✉❧❡t
❞❡ ❝♦✉❧❡✉r✳
❆✐♥s✐✱ ❧❛ ◗❈❉ ❡st ❡♥❝♦r❡ ♣♦✉r ✉♥❡ ❣r❛♥❞❡ ♣❛rt ✉♥❡ t❤é♦r✐❡ ♥♦♥ rés♦❧✉❡✳ ▲❛ ❥✉st✐✜❝❛t✐♦♥
❞❡ ❧✬✉s❛❣❡ ❞❡ ❧❛ ◗❈❉ ♣❡rt✉r❜❛t✐✈❡ ✭♣◗❈❉✮ r❡st❡ très ❧❛r❣❡♠❡♥t ❜❛sé❡ s✉r ❧✬❡①♣ér✐❡♥❝❡✳
❈❤❛q✉❡ ♣r♦❝❡ss✉s ❞✬✐♥t❡r❛❝t✐♦♥ ❢♦rt❡ ✐♠♣❧✐q✉❡ ✉♥❡ ❧❛r❣❡ ❣❛♠♠❡ ❞✬é❝❤❡❧❧❡s ❞✐✛ér❡♥t❡s✱ ♦ù ❧❛
✈❛❧❡✉r ❞❡ αs ♣❡✉t r❛❞✐❝❛❧❡♠❡♥t ❝❤❛♥❣❡r✳ ❈❡❝✐✱ ❛❥♦✉té à ✉♥ ♣❡✉ ❞✬❛r❜✐tr❛✐r❡ ❞❛♥s ❧❛ tr♦♥❝❛✲
t✉r❡ ❞✉ ❞é✈❡❧♦♣♣❡♠❡♥t ♣❡rt✉r❜❛t✐❢✱ ❝♦♥❞✉✐t à ❞❡s ✐♥❝❡rt✐t✉❞❡s t❤é♦r✐q✉❡s ♥♦♥ ♥é❣❧✐❣❡❛❜❧❡s✳
❯♥❡ ♠❡✐❧❧❡✉r❡ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡ ❧❛ tr❛♥s✐t✐♦♥ ❡♥tr❡ ré❣✐♠❡s ♣❡rt✉r❜❛t✐❢ ❡t ♥♦♥✲♣❡rt✉r❜❛t✐❢
♣♦✉rr❛✐t ❞♦♥❝ ♣❡r♠❡ttr❡ ❞❡ ❧❡s ré❞✉✐r❡✳
▲❡ ▼❙ ❞❡s ✐♥t❡r❛❝t✐♦♥s é❧❡❝tr♦❢❛✐❜❧❡ ❡t ❢♦rt❡ ❛ été ❝♦♥✜r♠é ❞❡ ❢❛ç♦♥ r❡♠❛rq✉❛❜❧❡ ♣❛r
❧✬❡①♣ér✐❡♥❝❡ ❛✉ ❝♦✉rs ❞❡ ❝❡s 30 ❞❡r♥✐èr❡s ❛♥♥é❡s✳ ■❧ r❡st❡ ❝❡♣❡♥❞❛♥t ✐♥❝♦♠♣❧❡t ❡t ♣❡✉ s❛t✐s✲
❢❛✐s❛♥t ♣❛r ❝❡rt❛✐♥s ❛s♣❡❝ts ❡t ♥♦✉s ♣❡♥s♦♥s q✉✬✐❧ ♥✬❡st q✉✬✉♥❡ ♠❛♥✐❢❡st❛t✐♦♥ à ❜❛ss❡ é♥❡r❣✐❡
❞✬✉♥❡ t❤é♦r✐❡ ♣❧✉s ❣é♥ér❛❧❡✳ ❉❡ ♥♦♠❜r❡✉s❡s q✉❡st✐♦♥s ❢♦♥❞❛♠❡♥t❛❧❡s r❡st❡♥t ❡♥❝♦r❡ s❛♥s
ré♣♦♥s❡ ❞❛♥s ❧❡ ❝❛❞r❡ ❞✉ ▼❙✳
❆✐♥s✐ ❧✬♦❜s❡r✈❛t✐♦♥ ❞❡ tr♦✐s ❢❛♠✐❧❧❡s s✐♠✐❧❛✐r❡s ❞❡ ❢❡r♠✐♦♥s ♥✬❡st ♣❛s ❡①♣❧✐q✉é❡ ❡t ♣♦✉rr❛✐t
✐♥❞✐q✉❡r ❧✬❡①✐st❡♥❝❡ ❞✬✉♥❡ ♥♦✉✈❡❧❧❡ é❝❤❡❧❧❡ ❞❡ s♦✉s✲str✉❝t✉r❡s ♣❧✉s ❢♦♥❞❛♠❡♥t❛❧❡s✳
▲❡ s♣❡❝tr❡ ❞❡ ♠❛ss❡ ❞❡s ♣❛rt✐❝✉❧❡s ♥✬❡st ♣❛s ❡①♣❧✐q✉é✳ ❉❛♥s ❧❡ ▼❙✱ ❧❡s ♣❛rt✐❝✉❧❡s ❛❝✲
q✉✐èr❡♥t ❧❡✉r ♠❛ss❡ ✈✐❛ ❧❡ ♠é❝❛♥✐s♠❡ ❞❡ ❍✐❣❣s✱ ❜r✐s✉r❡ s♣♦♥t❛♥é❡ ❞❡ ❧❛ s②♠étr✐❡ ❝♦♥❞✉✐s❛♥t
à ❧❛ ♣rés❡♥❝❡ ❞✬✉♥❡ ♣❛rt✐❝✉❧❡ s❝❛❧❛✐r❡✱ ❧❡ ❜♦s♦♥ ❞❡ ❍✐❣❣s q✉✐ r❡st❡ ❡♥❝♦r❡ à ❝❡ ❥♦✉r ♥♦♥ ♦❜✲
s❡r✈é✳ ❆ s✉♣♣♦s❡r q✉❡ ❧❡ ❜♦s♦♥ ❞❡ ❍✐❣❣s ♣✉✐ss❡ êtr❡ ♦❜s❡r✈é✱ ❧❡ ▼❙ ❧✉✐✲♠ê♠❡ ♥❡ ♣❡✉t
❡①♣❧✐q✉❡r ❧❛ ❤✐ér❛r❝❤✐❡ ♦❜s❡r✈é❡ ❞❡s ♠❛ss❡s ❞❡s ❞✐✛ér❡♥t❡s ♣❛rt✐❝✉❧❡s✱ ❛✐♥s✐ q✉❡ ❧✬✐♠♠❡♥s❡
❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧❛ ♠❛ss❡ ❞❡s ❜♦s♦♥s ❢❛✐❜❧❡s✱ ❞é✜♥✐ss❛♥t ❧✬é❝❤❡❧❧❡ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❢❛✐❜❧❡ ❡t ❧❛
♠❛ss❡ ❞❡ P❧❛♥❝❦✱ ❞é✜♥✐ss❛♥t ❧✬é❝❤❡❧❧❡ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡✳
▲❛ ❣r❛✈✐t❛t✐♦♥ ♥✬❡st ❡❧❧❡✲♠ê♠❡ ♣❛s ✐♥❝❧✉s❡ ❞❛♥s ❧❡ ❝❛❞r❡ t❤é♦r✐q✉❡ ❞✉ ▼❙✱ ❝❡ q✉✐ ❡♠✲
♣ê❝❤❡ ❛❧♦rs ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞❡ ♣r♦❝❡ss✉s à très ❤❛✉t❡ é♥❡r❣✐❡✱ ❧♦rsq✉❡ ❧❡s ❡✛❡ts ❞❡ ❧❛ ❣r❛✈✐✲
t❛t✐♦♥ ♥❡ ♣❡✉✈❡♥t êtr❡ ♥é❣❧✐❣és✳
❊♥✜♥✱ ❧❡ ▼❙ ♥❡ ♣r♦♣♦s❡ ❛✉❝✉♥❡ ♣❛rt✐❝✉❧❡ q✉✐ ♣♦✉rr❛✐t ❡①♣❧✐q✉❡r ❧❛ ♣rés❡♥❝❡ ❞❡ ♠❛t✐èr❡
♥♦✐r❡ ❞❛♥s ❧✬✉♥✐✈❡rs✳ ❙❡❧♦♥ ❧❡s ♦❜s❡r✈❛t✐♦♥s ❝♦s♠♦❧♦❣✐q✉❡s ❛❝t✉❡❧❧❡s✱ s❡✉❧❡♠❡♥t 4✪ ❞❡ ❧❛
❞❡♥s✐té t♦t❛❧❡ ❞✬é♥❡r❣✐❡ ❞❡ ❧✬✉♥✐✈❡rs ♣r♦✈✐❡♥❞r❛✐t ❞❡ ❧❛ ♠❛t✐èr❡ ✈✐s✐❜❧❡✱ ❞é❝r✐t❡ ♣❛r ❧❡ ▼❙✱
❧❡ r❡st❡ ét❛♥t ❝♦♠♣♦sé ❞❡ ♠❛t✐èr❡ ♥♦✐r❡ ✭∼ 22✪✮ ❡t ❞✬é♥❡r❣✐❡ ♥♦✐r❡ ✭∼ 74✪✮✱ ❧❛ ♥❛t✉r❡ ❞❡
❝❡s ❞❡✉① ❞❡r♥✐èr❡s ❝♦♠♣♦s❛♥t❡s r❡st❛♥t t♦t❛❧❡♠❡♥t ✐♥❝♦♥♥✉❡✳
▲❡ ♠♦❞è❧❡ st❛♥❞❛r❞ ❞❡ ❧❛ ♣❤②s✐q✉❡ ❞❡s ♣❛rt✐❝✉❧❡s✱ ♠❛❧❣ré s♦♥ ♣♦✉✈♦✐r ♣ré❞✐❝t✐❢ ✐♥❝♦♥t❡s✲
t❛❜❧❡✱ r❡st❡ ❞♦♥❝ ❛✈❛♥t t♦✉t ✉♥ ♠♦❞è❧❡ ❛✈❡❝ ✉♥ ❝❤❛♠♣ ❞✬❛♣♣❧✐❝❛t✐♦♥ ❧✐♠✐té✳ ◆♦✉s ♣♦✉✈♦♥s
❛✐♥s✐ ❞✐st✐♥❣✉❡r tr♦✐s ❣r❛♥❞❡s ❢r♦♥t✐èr❡s ❛✉ ♣♦✉✈♦✐r ♣ré❞✐❝t✐❢ ❞✉ ▼❙✱ à ❧✬❤❡✉r❡ ❛❝t✉❡❧❧❡✳
▲❛ ♣r❡♠✐èr❡ ❝♦♥❝❡r♥❡ ❧❛ ♣ré❝✐s✐♦♥ ❞❡s ♣ré❞✐❝t✐♦♥s ❞✉ ▼❙✳ ❊♥ ❡✛❡t✱ ❝❡❧❧❡✲❝✐ ❞é♣❡♥❞✱ ❡♥tr❡
❛✉tr❡s✱ ❞❡s ♣❛r❛♠ètr❡s ❞✉ ♠♦❞è❧❡✱ ❞♦♥t ❧❡s ✈❛❧❡✉rs ❞♦✐✈❡♥t êtr❡ ❞ét❡r♠✐♥é❡s ❡①♣ér✐♠❡♥t❛✲
❧❡♠❡♥t✳ ❉❛♥s ❝❡ ❞♦♠❛✐♥❡✱ ✉♥ ❞❡s ❞é✜❝✐ts ✐♠♣♦rt❛♥t ❞✉ ▼❙ ❝♦♥❝❡r♥❡ ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞❡ ❧❛
str✉❝t✉r❡ ✐♥t❡r♥❡ ❞✉ ♣r♦t♦♥✳ ❆❝t✉❡❧❧❡♠❡♥t✱ ❝❡tt❡ ❞❡r♥✐èr❡ ♥❡ ♣❡✉t ❡♥ ❡✛❡t êtr❡ ❞ét❡r♠✐♥é❡
q✉✬❡①♣ér✐♠❡♥t❛❧❡♠❡♥t✱ ♣❛r ❧❛ ♠❡s✉r❡ ❞❡s ❞❡♥s✐tés ❞❡ ♣❛rt♦♥s q✉✐ ❝♦♥st✐t✉❡♥t ❧❡ ♣r♦t♦♥✳
■❧ s✬❛❣✐t ♣♦✉rt❛♥t ❞✬✉♥ ❞❡s ✐♥❣ré❞✐❡♥ts ♠❛❥❡✉rs ❞❛♥s ❧❡ ❝❛❧❝✉❧ ❞❡s s❡❝t✐♦♥s ❡✣❝❛❝❡s ❞❡s
♣r♦❝❡ss✉s ❡♥ ❝♦❧❧✐s✐♦♥s ❤❛❞r♦♥✐q✉❡s✳
❯♥❡ s❡❝♦♥❞❡ ❧✐♠✐t❛t✐♦♥ ❛❝t✉❡❧❧❡ ❞✉ ▼❙ ❡st ❧❛ ❝♦♠♣❧❡①✐té✱ q✉✐ ❝♦♥❝❡r♥❡ ♣r✐♥❝✐♣❛❧❡♠❡♥t
❧❡ s❡❝t❡✉r ❞❡ ❧❛ ◗❈❉ ❡t ❞❡s ♣r♦❝❡ss✉s ❞❡ ❜❛ss❡ é♥❡r❣✐❡✳ ❊♥ ❡✛❡t✱ ❧❡s ❝❛❧❝✉❧s ❞❡ ♣r♦❝❡ss✉s
ré❣✐s ♣❛r ❧✬✐♥t❡r❛❝t✐♦♥ ❢♦rt❡ ❞❡✈✐❡♥♥❡♥t très ❝♦♠♣❧❡①❡s ❤♦rs ❞✉ ❞♦♠❛✐♥❡ ❞✬❛♣♣❧✐❝❛t✐♦♥ ❞✉
tr❛✐t❡♠❡♥t ♣❡rt✉r❜❛t✐❢ ❛✐♥s✐ q✉❡ ❞❛♥s ❧❡ ❝❛s ❞❡ s②stè♠❡s ❞❡♥s❡s✳
✻ ■♥tr♦❞✉❝t✐♦♥
❊♥✜♥✱ ❞✐✛ér❡♥ts ❞é✜❝✐ts ❝♦♥❝❡♣t✉❡❧s ❞✉ ▼❙ ❧❛✐ss❡♥t ❛❝t✉❡❧❧❡♠❡♥t à ♣❡♥s❡r q✉✬✐❧ ♥❡ s❡r❛
♣❧✉s ❛♣♣❧✐❝❛❜❧❡ ♣♦✉r ❞é❝r✐r❡ ❞❡s ♣r♦❝❡ss✉s ❞❡ très ❤❛✉t❡ é♥❡r❣✐❡✳ ❊♥ ❡✛❡t✱ ❞❡ ♥♦♠❜r❡✉s❡s
❝❛r❛❝tér✐st✐q✉❡s ❞✉ ▼❙ r❡st❡♥t ✐♥❡①♣❧✐q✉é❡s à ❝❡ ❥♦✉r✳ ▲❡ ♥♦♠❜r❡ ✐♠♣♦rt❛♥t ❞❡ ♣❛r❛♠ètr❡s
❞✉ ♠♦❞è❧❡ ✭∼ 19✱ s❛♥s ❝♦♠♣t❡r ❧❡s ♠❛ss❡s ❞❡s ♥❡✉tr✐♥♦s ♥✐ ❧❡s ❞❡♥s✐tés ❞❡ ♣❛rt♦♥s✮ r❡✢èt❡
❛✐♥s✐ ♥♦tr❡ ❞❡❣ré ❞✬✐❣♥♦r❛♥❝❡ ❛❝t✉❡❧ ❞❡ ❧❛ str✉❝t✉r❡ ❞❡ ❧❛ ♠❛t✐èr❡✳ ❆✐♥s✐✱ ♥♦✉s ❡s♣ér♦♥s
♣♦✉✈♦✐r tr♦✉✈❡r ✉♥❡ t❤é♦r✐❡ ♣❧✉s ❣❧♦❜❛❧❡✱ ❞♦♥t ❧❡ ▼❙ ♥❡ s❡r❛✐t q✉✬✉♥❡ ♠♦❞é❧✐s❛t✐♦♥ à ❜❛ss❡
é♥❡r❣✐❡✳ ❉❡s ♠❛♥✐❢❡st❛t✐♦♥s ❞✬✉♥❡ t❡❧❧❡ t❤é♦r✐❡✱ ❝♦♠♠❡ ❧✬♦❜s❡r✈❛t✐♦♥ ❞❡ ♥♦✉✈❡❧❧❡s ♣❛rt✐❝✉❧❡s
♦✉ ❞❡s ❞é✈✐❛t✐♦♥s ❛✉① ♣ré❞✐❝t✐♦♥s ❞❡ ▼❙✱ s♦♥t ❞♦♥❝ r❡❝❤❡r❝❤é❡s ❛✉① ♣❧✉s ❤❛✉t❡s é♥❡r❣✐❡s
❛❝t✉❡❧❧❡♠❡♥t ❛tt❡✐❣♥❛❜❧❡s ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t✳
❈❡ ♠é♠♦✐r❡ ❞✬❤❛❜✐❧✐t❛t✐♦♥ ♣rés❡♥t❡ ❞♦♥❝ ✉♥❡ ❡①♣❧♦r❛t✐♦♥ ❡①♣ér✐♠❡♥t❛❧❡ ❞❡ ❝❡s tr♦✐s
❧✐♠✐t❡s ❛❝t✉❡❧❧❡s ❞✉ ▼❙ q✉❡ s♦♥t ❧❛ ♣ré❝✐s✐♦♥✱ ❧❛ ❝♦♠♣❧❡①✐té✱ ❧✐é❡ ❛✉ s❡❝t❡✉r ❞❡ ◗❈❉✱ ❡t s❛
❢r♦♥t✐èr❡ à ❤❛✉t❡ é♥❡r❣✐❡✳ ❈❡s s✉❥❡ts s❡r♦♥t ❛❜♦r❞és à tr❛✈❡rs ❧❡s tr❛✈❛✉① q✉❡ ❥✬❛✐ ♣✉ ré❛❧✐s❡r
❞❛♥s ❧✬❡①♣ér✐❡♥❝❡ ❍✶ à ❍❊❘❆ ❛✉ ❝♦✉rs ❞❡ ❝❡s ❤✉✐t ❞❡r♥✐èr❡s ❛♥♥é❡s✳
❈❤❛♣✐tr❡ ✶ ✲ ▼ét❤♦❞❡s ❡t ♦✉t✐❧s ❡①♣ér✐♠❡♥t❛✉① ✼
❈❤❛♣✐tr❡ ✶
▼ét❤♦❞❡s ❡t ♦✉t✐❧s ❡①♣ér✐♠❡♥t❛✉①
▲✬❛✈❛♥t❛❣❡ ❞❡s ré❛❝t✐♦♥s ❧❡♣t♦♥✲❤❛❞r♦♥ ♣♦✉r ❧✬ét✉❞❡ ❞❡ ❧❛ str✉❝t✉r❡ ❞❡ ❧❛ ♠❛t✐èr❡ rés✐❞❡
❞❛♥s ❧❡ ❢❛✐t q✉❡ ❧❡s ❧❡♣t♦♥s s♦♥t ❞❡s ♦❜❥❡ts ♣♦♥❝t✉❡❧s ❡t q✉❡ ❧❡✉rs ✐♥t❡r❛❝t✐♦♥s s♦♥t ❜✐❡♥ ❝♦♠✲
♣r✐s❡s✳ ❍✐st♦r✐q✉❡♠❡♥t✱ ❝❡ s♦♥t ❞❡s ❡①♣ér✐❡♥❝❡s ❞❡ ❞✐✛✉s✐♦♥ ❞❡ ♣❛rt✐❝✉❧❡s q✉❛s✐✲♣♦♥❝t✉❡❧❧❡s
s✉r ❧❛ ♠❛t✐èr❡ q✉✐ ♦♥t ♣❡r♠✐s ❞✬❡♥ ré✈é❧❡r ❧❡s ❞✐✛ér❡♥t❡s s♦✉s✲str✉❝t✉r❡s✳ ❆✐♥s✐✱ ❧✬❡①♣ér✐❡♥❝❡
❞❡ ●❡✐❣❡r✲▼❛rs❞❡♥✲❘✉t❤❡r❢♦r❞ ❛ ♣❡r♠✐s ❡♥ 1909 ❞✬ét❛❜❧✐r ❧❛ str✉❝t✉r❡ ❞❡s ❛t♦♠❡s✳ ▲✬❡①♣é✲
r✐❡♥❝❡ ❞❡ ❞✐✛✉s✐♦♥ é❧❛st✐q✉❡ ep ré❛❧✐sé❡ ❡♥ 1955 ♣❛r ❍♦❢st❛❞t❡r ❡t ❛❧✳ ❛ ♣❡r♠✐s ❞❡ ♠♦♥tr❡r q✉❡
❧❡ ♣r♦t♦♥ ♥✬ét❛✐t ♣❛s ✉♥❡ ♣❛rt✐❝✉❧❡ ♣♦♥❝t✉❡❧❧❡ ❬❍♦❢✺✺❪✳ ❊♥✜♥✱ ❝✬❡st ❧❛ ♣r❡♠✐èr❡ ❡①♣ér✐❡♥❝❡
❞❡ ❞✐✛✉s✐♦♥ ♣r♦❢♦♥❞é♠❡♥t ✐♥é❧❛st✐q✉❡ ✭❉■❙✮ ❞✬é❧❡❝tr♦♥s s✉r ❞❡s ♣r♦t♦♥s ❡✛❡❝t✉é❡ à ❙▲❆❈
❡♥ 1968 q✉✐ ❛ ♣❡r♠✐s ❞❡ ❝♦♥✜r♠❡r ❧❛ str✉❝t✉r❡ ♣❛rt♦♥✐q✉❡ ❞❡ ❝❡s ❞❡r♥✐❡rs ❬❇❧♦✻✾✱ ❇r❡✻✾❪✳
✶✳✶ ▲❛ ❞✐✛✉s✐♦♥ ❧❡♣t♦♥✲♣r♦t♦♥
❉❛♥s ❧❡ ❝❛s ❧❡ ♣❧✉s ❣é♥ér❛❧✱ ❧✬✐♥t❡r❛❝t✐♦♥ ❧❡♣t♦♥✲♣r♦t♦♥ s❡ ❢❛✐t ♣❛r ❧✬é❝❤❛♥❣❡ ❞✬✉♥ ❜♦s♦♥
✈❡❝t❡✉r ✈✐rt✉❡❧✱ ❝♦♠♠❡ s❝❤é♠❛t✐sé ❞❛♥s ❧❛ ✜❣✉r❡ ✶✳✶✳ ❈♦♠♠❡ ❧❡ ♥♦♠❜r❡ ❧❡♣t♦♥✐q✉❡ ❞♦✐t
êtr❡ ❝♦♥s❡r✈é✱ ✉♥ ❧❡♣t♦♥ ❞✐✛✉sé ❡st ❛❧♦rs ❛tt❡♥❞✉ ❞❛♥s ❧✬ét❛t ✜♥❛❧✳ ▲❡ ❜♦s♦♥ é❝❤❛♥❣é ♣❡✉t
êtr❡ ✉♥ γ ♦✉ ✉♥ Z0✱ ❧✬✐♥t❡r❛❝t✐♦♥ ❡st ❛❧♦rs ❞❡ t②♣❡ ❝♦✉r❛♥t ♥❡✉tr❡ ✭◆❈✮✱ ♦✉ ❜✐❡♥ ✉♥ ❜♦s♦♥
W ✱ ✐♥t❡r❛❝t✐♦♥ ❞❡ t②♣❡ ❝♦✉r❛♥t ❝❤❛r❣é ✭❈❈✮✳ ❉❛♥s ❝❡ ❞❡r♥✐❡r ❝❛s✱ ♣♦✉r ✉♥ ❧❡♣t♦♥ ❝❤❛r❣é
✐♥❝✐❞❡♥t✱ ✉♥ ♥❡✉tr✐♥♦ ❡st ❛tt❡♥❞✉ ❞❛♥s ❧✬ét❛t ✜♥❛❧✳
+_e +_e
q = k - k´
k´k
, Z
g
o
P= xPq
p
qP´
X
P´
P
❋✐❣✉r❡ ✶✳✶ ✿ ❉✐✛✉✲
s✐♦♥ ❡♥tr❡ ✉♥ ❧❡♣t♦♥
❝❤❛r❣é ❡t ✉♥ ❤❛❞r♦♥✳
▲❡ ❧❡♣t♦♥ ✐♥❝✐❞❡♥t✱ ❞❡ q✉❛❞r✐✲✈❡❝t❡✉r k✱ ❞✐✛✉s❡ s✉r ❧❡ ♣r♦t♦♥ ✭P ✮ ❡♥ ✉♥ ❧❡♣t♦♥ ❞❛♥s
❧✬ét❛t ✜♥❛❧ ❞❡ q✉❛❞r✐✲✈❡❝t❡✉r k′✱ ♣❛r ❧✬é❝❤❛♥❣❡ ❞❛♥s ❧❛ ✈♦✐❡ t ❞✬✉♥ ♣❤♦t♦♥ ✈✐rt✉❡❧ γ∗✱ ♦✉
❞✬✉♥ ❜♦s♦♥ é❧❡❝tr♦❢❛✐❜❧❡✱ ❞❡ ✈✐rt✉❛❧✐té Q2✳ ❊♥ ❝❛s ❞❡ ❞✐✛✉s✐♦♥ ✐♥é❧❛st✐q✉❡✱ s❡✉❧❡ ✉♥❡ ♣❛rt✐❡
❞✉ ♣r♦t♦♥✱ ✉♥ ♣❛rt♦♥✱ ❡st s✉♣♣♦sé ♣r❡♥❞r❡ ♣❛rt à ❧❛ ré❛❝t✐♦♥✳ ▲❛ ✈❛r✐❛❜❧❡ ❞❡ ❇❥♦r❦❡♥ x ❡st
✽ ❈❤❛♣✐tr❡ ✶ ✲ ▼ét❤♦❞❡s ❡t ♦✉t✐❧s ❡①♣ér✐♠❡♥t❛✉①
❛❧♦rs ❞é✜♥✐❡ ❡t ❛ss♦❝✐é❡ à ❧❛ ❢r❛❝t✐♦♥ ❞✬✐♠♣✉❧s✐♦♥ ❞✉ ♣r♦t♦♥ ♣♦rté❡ ♣❛r ❧❡ ♣❛rt♦♥ ❞✐✛✉sé✳
▲❡s ✈❛r✐❛❜❧❡s ✉s✉❡❧❧❡♠❡♥t ✉t✐❧✐sé❡s ♣♦✉r ❞é❝r✐r❡ ❧❛ ❞✐✛✉s✐♦♥ é❧❡❝tr♦♥✲♣r♦t♦♥ s♦♥t ❛❧♦rs ✿
Q2 = −q2 = −(k′ − k)2 ,
y =
P · q
P · k ,
x =
Q2
2P · q ,
ν =
P · q
Mp
,
W 2 = (P ′)2 = (P + q)2 ,
s = (P + k)2 .
▲❛ ✈❛r✐❛❜❧❡
√
s ❡st ❧✬é♥❡r❣✐❡ t♦t❛❧❡ ❞❛♥s ❧❡ ❝❡♥tr❡ ❞❡ ♠❛ss❡ ❞❡ ❧❛ ré❛❝t✐♦♥ ❡t ❧✬é♥❡r❣✐❡ ❞✉
s②stè♠❡ γ∗p ❡st ❞♦♥♥é❡ ♣❛r ❧❛ ✈❛r✐❛❜❧❡ W ✳
▲❡ ❝❛rré ❞✉ ♠♦♠❡♥t tr❛♥s❢éré✱ q2✱ ❞ét❡r♠✐♥❡ ❧❛ ❞✉r❡té ❞❡ ❧❛ ré❛❝t✐♦♥✱ ♦✉✱ ❡♥ ❞✬❛✉tr❡s
t❡r♠❡s✱ s♦♥ ♣♦✉✈♦✐r ❞❡ rés♦❧✉t✐♦♥✳ ▲❡ ❜♦s♦♥ é❝❤❛♥❣é ♣❡r♠❡t ❛❧♦rs ❞❡ s♦♥❞❡r ❞❡s ❞✐st❛♥❝❡s
❞❛♥s ❧❡ ♣r♦t♦♥ ❞❡ ❧✬♦r❞r❡ ❞❡ s❛ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡✱ s♦✐t ✿
∆b ∼ ~c√
Q2
=
0.197√
Q2
●❡❱ ❢♠ . ✭✶✳✶✮
▲❛ ✈❛r✐❛❜❧❡ ν ❛ ✉♥❡ s✐❣♥✐✜❝❛t✐♦♥ s✐♠♣❧❡ ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❞✉ ♣r♦t♦♥ ❛✉ r❡♣♦s✳ ❈✬❡st
❧✬é♥❡r❣✐❡ ♣❡r❞✉❡ ♣❛r ❧✬é❧❡❝tr♦♥ ❧♦rs ❞❡ s❛ ❞✐✛✉s✐♦♥✱ ν = Ee − E ′e✳ ▲❛ ✈❛r✐❛❜❧❡ y r❡♣rés❡♥t❡
q✉❛♥t à ❡❧❧❡ ❧❛ ❢r❛❝t✐♦♥ ❞✬é♥❡r❣✐❡ ♣❡r❞✉❡✱ y = Ee−E
′
e
Ee
✳
❈♦♠♣t❡ t❡♥✉ ❞✉ ♥♦♠❜r❡ ❞❡ ❞❡❣rés ❞❡ ❧✐❜❡rté ❞❡ ❝❡tt❡ ❝✐♥é♠❛t✐q✉❡ à ❞❡✉① ❝♦r♣s✱ s❡✉❧❡s
❞❡✉① ✈❛r✐❛❜❧❡s s♦♥t ✐♥❞é♣❡♥❞❛♥t❡s✳ P♦✉r ✉♥❡ é♥❡r❣✐❡ ❞♦♥♥é❡ ❞❛♥s ❧❡ ❝❡♥tr❡ ❞❡ ♠❛ss❡
é❧❡❝tr♦♥✲♣r♦t♦♥✱ ❧❛ ❝✐♥é♠❛t✐q✉❡ ❞❡ ❧❛ ré❛❝t✐♦♥ ❡st ❝♦♠♣❧èt❡♠❡♥t ❞é✜♥✐❡ ♣❛r ❧✬é♥❡r❣✐❡ ❡t
❧✬❛♥❣❧❡ ❞❡ ❧✬é❧❡❝tr♦♥ ❞✐✛✉sé✳ ❈♦♠♠❡ ♥♦✉s ❧❡ ✈❡rr♦♥s ♣❛r ❧❛ s✉✐t❡✱ ❧❛ ♥❛t✉r❡ ♣❛rt♦♥✐q✉❡ ❞✉
♣r♦t♦♥ ❢❛✐t q✉❡ ❧❡s ✈❛r✐❛❜❧❡s (x,Q2) s♦♥t ♣❧✉s ❝♦♠♠✉♥é♠❡♥t ✉t✐❧✐sé❡s ♣♦✉r ❝❛r❛❝tér✐s❡r
❞❡ ♠❛♥✐èr❡ ✉♥✐q✉❡ ❧❛ ❝✐♥é♠❛t✐q✉❡ ❞✬✉♥ é✈é♥❡♠❡♥t ❞❡ ❉■❙✳ ▲❛ ✈❛r✐❛❜❧❡ Q2 ♣❡✉t ❛❧♦rs êtr❡
❡①♣r✐♠é❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬é♥❡r❣✐❡ ❡t ❞❡ ❧✬❛♥❣❧❡ ❞❡ ❞✐✛✉s✐♦♥ ❞✉ ❧❡♣t♦♥✱ Q2 = 4EeE
′
e cos
2 θ/2✳
▲❛ r❡❧❛t✐♦♥ Q2 = sxy ♣❡r♠❡t ❞❡ r❡❧✐❡r ❧❡s tr♦✐s ✈❛r✐❛❜❧❡s✱ ❡t ❞❡ ❞é✜♥✐r ❛✐♥s✐ x à ♣❛rt✐r ❞❡ ❧❛
♠❡s✉r❡ ❞❡ y✳
❆ ♣❛rt✐r ❞❡ ❝❡s r❡❧❛t✐♦♥s✱ ♥♦✉s ✈♦②♦♥s q✉❡ ❧❛ ❝✐♥é♠❛t✐q✉❡ ❞❡ ❧❛ ❞✐✛✉s✐♦♥ ✐♥é❧❛st✐q✉❡ ♣❡✉t
êtr❡ r❡❝♦♥str✉✐t❡ à ♣❛rt✐r ❞❡ ❧❛ s❡✉❧❡ ♠❡s✉r❡ ❞❡ ❧✬é❧❡❝tr♦♥ ❞✐✛✉sé✳ ▲❛ ♠❡s✉r❡ ❞❡s ❤❛❞r♦♥s
❞❛♥s ❧✬ét❛t ✜♥❛❧ ♣❡✉t êtr❡ ❡①♣❧♦✐té❡ ❝♦♠♠❡ ❝♦♥tr❛✐♥t❡ s✉♣♣❧é♠❡♥t❛✐r❡ ❞❡s ❞✐✛✉s✐♦♥s ◆❈✳
❈✬❡st ❛✉ss✐ ❧❡ s❡✉❧ ♠♦②❡♥ ❞❡ r❡❝♦♥str✉✐r❡ ❧❛ ❝✐♥é♠❛t✐q✉❡ ❞❡s é✈é♥❡♠❡♥ts ❈❈ ❬❇❧♦✼✾❪✱ ❧❡
♥❡✉tr✐♥♦ s♦rt❛♥t ♥✬ét❛♥t ♣❛s ♠❡s✉ré✳
✶✳✷ ▲✬❛❝❝é❧ér❛t❡✉r ❍❊❘❆
▲❡ ♣r♦❥❡t ❞❡ ❝♦♥str✉❝t✐♦♥ ❞✉ ❝♦❧❧✐s✐♦♥♥❡✉r ❍❊❘❆ ❛ ❝♦♠♠❡♥❝é ❡♥ ✶✾✽✺ ❡t ❧❡s ♣r❡♠✐èr❡s
❝♦❧❧✐s✐♦♥s é❧❡❝tr♦♥✕♣r♦t♦♥ ♦♥t ❡✉ ❧✐❡✉ ❡♥ ✶✾✾✷✳ ▲❡ ❍♦❝❤ ❊♥❡r❣✐❡ ❘✐♥❣ ❆♥❧❛❣❡✱ ❍❊❘❆✱ ❢✉t
❧❡ ♣r❡♠✐❡r✱ ❡t ❥✉sq✉✬à ♣rés❡♥t ✉♥✐q✉❡✱ ❛❝❝é❧ér❛t❡✉r ♠❡tt❛♥t ❡♥ ❝♦❧❧✐s✐♦♥ ❞❡s é❧❡❝tr♦♥s ❡t
❞❡s ♣r♦t♦♥s✳ ▲❛ ✜❣✉r❡ ✶✳✷✭❛✮ ♣rés❡♥t❡ ✉♥ s❝❤é♠❛ ❞✉ ❝♦♠♣❧❡①❡ ❞✬❛❝❝é❧ér❛t✐♦♥✳ ❈❡❧✉✐✲❝✐ ❡st
❝♦♠♣♦sé ❞❡ ❞❡✉① ❛❝❝é❧ér❛t❡✉rs ❝✐r❝✉❧❛✐r❡s✱ ❞❡ s❡♥s ♦♣♣♦sé✱ ♣❡r♠❡tt❛♥t ❞✬❛❝❝é❧ér❡r✱ ❞❡ st♦✲
❝❦❡r ❡t ❞❡ ♠❡ttr❡ ❡♥ ❝♦❧❧✐s✐♦♥ ❧❡s ❞❡✉① ❢❛✐s❝❡❛✉① ❞✬é❧❡❝tr♦♥s ✭e−✮✱ ♦✉ ♣♦s✐tr♦♥s ✭e+✮✱ ❡t ❞❡
♣r♦t♦♥s✳ ▲❡s é❧❡❝tr♦♥s s♦♥t ❛❝❝é❧érés à ✉♥❡ é♥❡r❣✐❡ ❞❡ 27.6 ●❡❱ ❡t ❧❡s ♣r♦t♦♥s à ✉♥❡ é♥❡r❣✐❡
✶✳✷ ✲ ▲✬❛❝❝é❧ér❛t❡✉r ❍❊❘❆ ✾
❞❡ 920 ●❡❱✳ ▲✬é♥❡r❣✐❡ t♦t❛❧❡ ❞❛♥s ❧❡ ❝❡♥tr❡ ❞❡ ♠❛ss❡ ❡st ❛❧♦rs ❞❡ 320 ●❡❱✳ ▲❡s ♣❛q✉❡ts
❞✬é❧❡❝tr♦♥s ❡t ❞❡ ♣r♦t♦♥s s❡ ❝r♦✐s❡♥t t♦✉t❡s ❧❡s 96 ♥s✳ ❉❡✉① ❡①♣ér✐❡♥❝❡s ❣é♥ér❛❧✐st❡s ♣♦✉r
❧✬ét✉❞❡ ❞❡s ❝♦❧❧✐s✐♦♥s ep✱ ❍✶ ❡t ❩❊❯❙✱ s♦♥t ✐♥st❛❧❧é❡s à ❍❊❘❆✳
❉✉r❛♥t ❧❡s ♣r❡♠✐èr❡s ❛♥♥é❡s ❞❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t✱ ❞❡ 1992 à 1997✱ ❧✬é♥❡r❣✐❡ ❞✉ ❢❛✐s❝❡❛✉
❞❡ ♣r♦t♦♥s ét❛✐t s❡✉❧❡♠❡♥t ❞❡ 820 ●❡❱✳ ❆ ❧✬été 2000✱ ❍❊❘❆ ❛ été ❛rrêté ❡t ❧❡s ré❣✐♦♥s
❞✬✐♥t❡r❛❝t✐♦♥ ♦♥t été ♠♦❞✐✜é❡s ❛✜♥ ❞❡ ♣❡r♠❡ttr❡ ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ❧✉♠✐♥♦s✐té✳ ❆♣rès
♣❧✉s ❞✬✉♥ ❛♥ ♣❛ssé ♣♦✉r ❝♦♠♣r❡♥❞r❡ ❧❛ ♥♦✉✈❡❧❧❡ ♠❛❝❤✐♥❡✱ ❧❛ ♣r✐s❡ ❞❡ ❞♦♥♥é❡s ❛ r❡♣r✐s ✜♥
2003✳ ▲❡s ❞❡✉① ❣r❛♥❞❡s ♣ér✐♦❞❡s ❞✐st✐♥❝t❡s ❞❡ ♣r✐s❡ ❞❡ ❞♦♥♥é❡s ❞❡ 1992 à 2000 ♣✉✐s ❞❡ 2003
à 2007 s♦♥t ❞é♥♦♠♠é❡s r❡s♣❡❝t✐✈❡♠❡♥t ❍❊❘❆ ■ ❡t ❍❊❘❆ ■■✳ ❉✉r❛♥t ❧❡s ❞❡r♥✐❡rs ♠♦✐s
❞✬♦♣ér❛t✐♦♥ ❞❡ 2007✱ ❧✬é♥❡r❣✐❡ ❞✉ ❢❛✐s❝❡❛✉ ❞❡ ♣r♦t♦♥s ❛ été ❛❜❛✐ssé❡ s✉❝❝❡ss✐✈❡♠❡♥t à 460 ❡t
575 ●❡❱✳ ❈❡❝✐ ❛ ♣❡r♠✐s ❞❡ ♠❡s✉r❡r ❛✐♥s✐ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ str✉❝t✉r❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❞✉ ♣r♦t♦♥✱
FL✱ ♣♦✉r ❧❛ ♣r❡♠✐èr❡ ❢♦✐s ❞❡ ♠❛♥✐èr❡ ❞✐r❡❝t❡ à ❜❛s x ❬❆❛r✵✽❪✳ ❍❊❘❆ ❛ été ❞é✜♥✐t✐✈❡♠❡♥t
❛rrêté ❧❡ ✶er ❥✉✐❧❧❡t 2007✱ ❛♣rès 15 ❛♥s ❞❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t✳
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❋✐❣✉r❡ ✶✳✷ ✿ ✭❛✮ ❙❝❤é♠❛ ❞❡ ❍❊❘❆ ❡t ❞❡ s❡s ✐♥❥❡❝t❡✉rs✳ ▲✬❡♥s❡♠❜❧❡ ❢❛✐t ✻✳✸ ❦♠
❞❡ ❝✐r❝♦♥❢ér❡♥❝❡ ❡t s❡ tr♦✉✈❡ à ✉♥❡ ♣r♦❢♦♥❞❡✉r ❞✬❡♥✈✐r♦♥ tr❡♥t❡ ♠ètr❡s s♦✉s ❧❛
✈✐❧❧❡ ❞❡ ❍❛♠❜♦✉r❣✳ ✭❜✮ ▲✉♠✐♥♦s✐té ✐♥té❣ré❡ ❛❝❝✉♠✉❧é❡ ♣❛r ❧✬❡①♣ér✐❡♥❝❡ ❍✶✳ ▲❛
❧✉♠✐♥♦s✐té ❛❝❝✉♠✉❧é❡ ❡♥ ❝♦❧❧✐s✐♦♥s e+p ❡st ✐♥❞✐q✉é❡ ❡♥ r♦✉❣❡✱ ❝❡❧❧❡ ❡♥ ❝♦❧❧✐s✐♦♥s
e−p ❡♥ ❜❧❡✉✳ ▲❛ ❧✉♠✐♥♦s✐té ❡♥r❡❣✐stré❡ ❛✈❡❝ ✉♥❡ é♥❡r❣✐❡ ❞❡ ❢❛✐s❝❡❛✉ ❞❡ ♣r♦t♦♥s
♣❧✉s ❢❛✐❜❧❡ ❡st r❡♣rés❡♥té❡ ❡♥ ✈❡rt✳
▲❛ ❧✉♠✐♥♦s✐té ✉t✐❧❡ ❛❝❝✉♠✉❧é❡ ♣❛r ❧✬❡①♣ér✐❡♥❝❡ ❍✶ ❞✉r❛♥t ❧❡s ❞✐✛ér❡♥t❡s ♣ér✐♦❞❡s ❞❡
❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡ ❍❊❘❆ ❡st ♣rés❡♥té❡ ❞❛♥s ❧❛ ✜❣✉r❡ ✶✳✷✭❜✮✳ ❙❡✉❧❡s ❧❡s ❞♦♥♥é❡s ❡♥r❡❣✐s✲
tré❡s ❞❡♣✉✐s ✶✾✾✹ s♦♥t ✉t✐❧✐sé❡s ❞❛♥s ❧❡s ❛♥❛❧②s❡s ❛❝t✉❡❧❧❡s✳ ▲❛ ♣ér✐♦❞❡ ❍❊❘❆ ■ ♥✬❛ ♣❡r♠✐s
❞✬❡♥r❡❣✐str❡r q✉❡ ♣❡✉ ❞❡ ❞♦♥♥é❡s ❡♥ ❝♦❧❧✐s✐♦♥s é❧❡❝tr♦♥✲♣r♦t♦♥ ✭∼ 15 ♣❜−1✮✳ ❯♥❡ ❞❡s ❛✈❛♥✲
❝é❡s ❞❡ ❧❛ ♣ér✐♦❞❡ ❍❊❘❆ ■■ ❛ ❞♦♥❝ été ❞❡ ♣❡r♠❡ttr❡ ❧✬❛❝❝✉♠✉❧❛t✐♦♥ ❞✬✉♥ ❧♦t s✉❜st❛♥t✐❡❧
❞❡ ❞♦♥♥é❡s é❧❡❝tr♦♥✲♣r♦t♦♥✳ ▲✬❛✉tr❡ ♥♦✉✈❡❛✉té ❞❡ ❧❛ ♣ér✐♦❞❡ ❍❊❘❆ ■■ ❛ été ❞❡ ♣♦✉✈♦✐r
♣♦❧❛r✐s❡r ❧♦♥❣✐t✉❞✐♥❛❧❡♠❡♥t ❧❡s ❢❛✐s❝❡❛✉① ❞❡ ❧❡♣t♦♥ ❛✉ ♥✐✈❡❛✉ ❞❡s ♣♦✐♥ts ❞✬✐♥t❡r❛❝t✐♦♥✳ ▲❛
♣♦❧❛r✐s❛t✐♦♥ t②♣✐q✉❡ ❛tt❡✐♥t❡ ♣♦✉r ❧❡s ❢❛✐s❝❡❛✉① ❡♥ ❝♦❧❧✐s✐♦♥ ❛ été ❞❡ 30 à 40✪✳ ❊♥ r❡✈❛♥❝❤❡✱
❡♥tr❡ ❛✉tr❡s à ❝❛✉s❡ ❞❡ ❧❛ ❝♦♠♣❧❡①✐té ❞❡ ❧❛ ♠❛❝❤✐♥❡✱ ❧❛ ❧✉♠✐♥♦s✐té t♦t❛❧❡ ❡♥r❡❣✐stré❡ ♣❛r ❧❡s
❡①♣ér✐❡♥❝❡s s✬❡st ré✈é❧é❡ êtr❡ ✐♥❢ér✐❡✉r❡ ❛✉① ♦❜❥❡❝t✐❢s ✐♥✐t✐❛✉① ❞✉ ♣r♦❣r❛♠♠❡ ❍❊❘❆ ■■✳ ▲❛
♣❤❛s❡ ❍❊❘❆ ■■ ❛ ♣❡r♠✐s ❞✬❛❝❝✉♠✉❧❡r✱ ♣❛r ❡①♣ér✐❡♥❝❡✱ ✉♥ t♦t❛❧ ❞✬❡♥✈✐r♦♥ 400 ♣❜−1✱ ❛✉ ❧✐❡✉
✶✵ ❈❤❛♣✐tr❡ ✶ ✲ ▼ét❤♦❞❡s ❡t ♦✉t✐❧s ❡①♣ér✐♠❡♥t❛✉①
❞❡ 1 ❢❜−1 ✐♥✐t✐❛❧❡♠❡♥t ♣ré✈✉s✳ ❆✉ t♦t❛❧✱ ❡♥✈✐r♦♥ 500 ♣❜−1 ❞❡ ❞♦♥♥é❡s ♦♥t été ❛❝❝✉♠✉❧és
♣❛r ❝❤❛q✉❡ ❡①♣ér✐❡♥❝❡✱ ❍✶ ❡t ❩❊❯❙✱ s✉r t♦✉t❡ ❧❛ ❞✉ré❡ ❞❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡ ❍❊❘❆✳
▲❡ ♣❧❛♥ ❝✐♥é♠❛t✐q✉❡ ❡♥ (x,Q2) q✉✐ ❡st ❛❝❝❡ss✐❜❧❡ ❛✈❡❝ ❍❊❘❆ ❡st ♣rés❡♥té ❞❛♥s ❧❛
✜❣✉r❡ ✶✳✸✳ ❍❊❘❆ ♣❡r♠❡t ❞✬❛tt❡✐♥❞r❡ ❞❡s Q2 ❞❡ ❧✬♦r❞r❡ ❞❡ 50000 ●❡❱2 ❡t ❞❡s ✈❛❧❡✉rs ❞❡ x
❛✉ss✐ ❜❛ss❡s q✉❡ 10−5✳ P❛r r❛♣♣♦rt ❛✉① ❡①♣ér✐❡♥❝❡s ♣ré❝é❞❡♥t❡s s✉r ❝✐❜❧❡ ✜①❡✱ ♥♦✉s ✈♦②♦♥s
❞♦♥❝ q✉❡ ❍❊❘❆ ❛ ♣❡r♠✐s ❞✬ét❡♥❞r❡ ❝♦♥s✐❞ér❛❜❧❡♠❡♥t ❧❡ ❞♦♠❛✐♥❡ ❡♥ (x,Q2) s♦♥❞é✳ ❍❊❘❆
s✬❛✈èr❡ ❛✉ss✐ êtr❡ ❝♦♠♣❧é♠❡♥t❛✐r❡ ❞❡s ❛✉tr❡s ❝♦❧❧✐s✐♦♥♥❡✉rs ❞❡ ❤❛✉t❡ é♥❡r❣✐❡ q✉❡ s♦♥t ❧❡
❚❡✈❛tr♦♥ à ❋❡r♠✐❧❛❜ ✭❈❤✐❝❛❣♦✱ pp¯✱
√
s = 1960 ●❡❱✮ ❡t ❧❡ ▲❊P ❛✉ ❈❊❘◆ ✭●❡♥è✈❡✱ e+e−✱
❥✉sq✉✬❡♥ 2000✱
√
s ≤ 209 ●❡❱✮✳ ▲❡ ❞♦♠❛✐♥❡ q✉✐ s❡r❛ ❝♦✉✈❡rt ♣❛r ❧❡ ▲❛r❣❡ ❍❛❞r♦♥ ❈♦❧❧✐❞❡r
✭▲❍❈✮✱ ❞❡✈❛♥t ❡♥tr❡r ❡♥ ♦♣ér❛t✐♦♥ ✜♥ 2009✱ ❡st ❛✉ss✐ r❡♣rés❡♥té✳ ▲❡ ▲❍❈ ❞❡✈r❛✐t ♠❡ttr❡
❡♥ ❝♦❧❧✐s✐♦♥s ❞❡✉① ❢❛✐s❝❡❛✉① ❞❡ ♣r♦t♦♥s✱ ❛✈❡❝ ✉♥❡ é♥❡r❣✐❡ ❞❛♥s ❧❡ ❝❡♥tr❡ ❞❡ ♠❛ss❡ ❞❡ 8 à
14 ❚❡❱✳
❋✐❣✉r❡ ✶✳✸ ✿ ▲❡ ♣❧❛♥ ❝✐♥é♠❛t✐q✉❡ (x,Q2)✱ ❛✈❡❝ ❧❡s ré❣✐♦♥s ❝♦✉✈❡rt❡s ♣❛r ❧❡s
❡①♣ér✐❡♥❝❡s s✉r ❝✐❜❧❡ ✜①❡✱ ❧❡s ❝♦❧❧✐s✐♦♥♥❡✉rs ❍❊❘❆ ❡t ❚❡✈❛tr♦♥✱ ❛✐♥s✐ q✉❡ ❧❡
❢✉t✉r ❝♦❧❧✐s✐♦♥♥❡✉r ▲❍❈✳
✶✳✸ ▲❡ ❞ét❡❝t❡✉r ❍✶
❉❡✉① ❞ét❡❝t❡✉rs ❣é♥ér❛❧✐st❡s✱ ❍✶ ❡t ❩❊❯❙✱ ♦♥t s❡r✈✐ à ❡♥r❡❣✐str❡r ❧❡s ♣r♦❞✉✐ts ❞❡s ❝♦❧❧✐✲
s✐♦♥s ep à ❍❊❘❆✳ ■❧s ♦♥t été ❝♦♥str✉✐ts ❛✉t♦✉r ❞❡s ♣♦✐♥ts ❞✬✐♥t❡r❛❝t✐♦♥ ❛✈❡❝ ✉♥❡ str✉❝t✉r❡
❝♦♥❝❡♥tr✐q✉❡ q✉❛s✐✲❤❡r♠ét✐q✉❡✱ ❞✬✉♥❡ ❛❝❝❡♣t❛♥❝❡ ❞✬❡♥✈✐r♦♥ 4π ❞✬❛♥❣❧❡ s♦❧✐❞❡✳ ❊♥ ♣❛rt❛♥t
❞✉ ♣♦✐♥t ❞✬✐♥t❡r❛❝t✐♦♥ ✈❡rs ❧✬❡①tér✐❡✉r ❞❡s ❞ét❡❝t❡✉rs✱ ♥♦✉s tr♦✉✈♦♥s s✉❝❝❡ss✐✈❡♠❡♥t ❧❡s ❞é✲
t❡❝t❡✉rs ✐♥t❡r♥❡s ❞❡ tr❛❝❡s✱ ♠❡s✉r❛♥t ❧❛ tr❛❥❡❝t♦✐r❡ ❡t ❧✬✐♠♣✉❧s✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s ❝❤❛r❣é❡s✱
♣✉✐s ❧❡s ❝❛❧♦r✐♠ètr❡s s❡r✈❛♥t à ❝♦♠♣❧ét❡r ❧❛ ♠❡s✉r❡ ❞✉ ✢♦t t♦t❛❧ ❞✬é♥❡r❣✐❡✳ ▲❡ t♦✉t ❡st
♣❧♦♥❣é ❞❛♥s ✉♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❞✬✉♥ ♣❡✉ ♣❧✉s ❞❡ 1 ❚✳ ❊♥✜♥✱ ❧❛ ♣❛rt✐❡ ❧❛ ♣❧✉s ❡①t❡r♥❡
❡st éq✉✐♣é❡ ❞❡ ❞ét❡❝t❡✉rs ❞❡ ♠✉♦♥s✳
✶✳✸ ✲ ▲❡ ❞ét❡❝t❡✉r ❍✶ ✶✶
x
y
z
q
j
r
pe
(x,y,z)
❋✐❣✉r❡ ✶✳✹ ✿ ❱✉❡ s❝❤é♠❛t✐q✉❡ ❞✉ ❞ét❡❝t❡✉r ❍✶ ❡t ❞é✜♥✐t✐♦♥ ❞❡s ❝♦♦r❞♦♥♥é❡s
❝❛rtés✐❡♥♥❡s ❡t ♣♦❧❛✐r❡s ✉t✐❧✐sé❡s✳ ▲❛ ré❣✐♦♥ θ < 90◦✱ z > 0 ❝♦rr❡s♣♦♥❞ à ❧✬❛✈❛♥t
❞✉ ❞ét❡❝t❡✉r✳
▲❡s ❞ét❡❝t❡✉rs ❍✶ ❡t ❩❊❯❙ ♦♥t été ❝♦♥ç✉s ❛✈❛♥t t♦✉t ♣♦✉r ❧❛ ♠❡s✉r❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s
♣r♦❢♦♥❞é♠❡♥t ✐♥é❧❛st✐q✉❡s ❛✉① ♣❧✉s ❣r❛♥❞s Q2 ❡t ❛✈❡❝ ✉♥ ét❛t ✜♥❛❧ ❞❡ ❣r❛♥❞❡ é♥❡r❣✐❡✳ ▲❡s
é♥❡r❣✐❡s ❞❡s ❢❛✐s❝❡❛✉① ❞✬é❧❡❝tr♦♥s ❡t ❞❡ ♣r♦t♦♥s ét❛♥t ❢♦rt❡♠❡♥t ❞✐✛ér❡♥t❡s✱ ❧❡ ✢♦t ❞✬é♥❡r❣✐❡
s❡ tr♦✉✈❡ ❝♦♥❝❡♥tré ✈❡rs ❧❛ ré❣✐♦♥ ❛✈❛♥t ✭❞❛♥s ❧❛ ❞✐r❡❝t✐♦♥ ❞✉ ♣r♦t♦♥✮ ❡t ❧❡s ❞ét❡❝t❡✉rs
❞♦✐✈❡♥t ❞♦♥❝ êtr❡ ❛s②♠étr✐q✉❡s✱ ❛✈❡❝ ✉♥❡ ❝♦✉✈❡rt✉r❡ ❛❝❝r✉❡ ❞❡ ❧❛ ré❣✐♦♥ ❛✈❛♥t✳ ❯♥❡ ❣r❛♥❞❡
❛tt❡♥t✐♦♥ ❛ été ♣♦rté❡ ❛✉① ❝❛❧♦r✐♠ètr❡s é❧❡❝tr♦♠❛❣♥ét✐q✉❡s ❡t ❤❛❞r♦♥✐q✉❡s✳ ▲❛ ❝♦❧❧❛❜♦r❛t✐♦♥
❩❊❯❙ ❛ ❝❤♦✐s✐ ❞✬✉t✐❧✐s❡r ❞❡s s❝✐♥t✐❧❧❛t❡✉rs ❝♦✉♣❧és à ❞❡s ❛❜s♦r❜❡✉rs ❡♥ ✉r❛♥✐✉♠✱ ❞❛♥s ❧❡ ❜✉t
❞✬é❣❛❧✐s❡r ❧❛ ré♣♦♥s❡ ❞✉ ❝❛❧♦r✐♠ètr❡ ❛✉① é❧❡❝tr♦♥s ❡t ❛✉① ❤❛❞r♦♥s ✭♣✐♦♥s✮✳ ▲❛ ❝♦❧❧❛❜♦r❛t✐♦♥
❍✶ ❛✱ q✉❛♥t à ❡❧❧❡✱ ❝❤♦✐s✐ ❞✬✉t✐❧✐s❡r ❧✬❆r❣♦♥ ❧✐q✉✐❞❡ ✭▲❆r✮ ❝♦♠♠❡ ♠❛tér✐❛✉ ❛❝t✐❢ ❞❡ s♦♥
❝❛❧♦r✐♠ètr❡ ♣r✐♥❝✐♣❛❧ ❛✜♥ ❞❡ ♠❛①✐♠✐s❡r s❛ st❛❜✐❧✐té s✉r ❧❡ ❧♦♥❣ t❡r♠❡ ❡t ❞✬♦❜t❡♥✐r ✉♥❡
♠❡✐❧❧❡✉r❡ rés♦❧✉t✐♦♥ s✉r ❧❛ ♠❡s✉r❡ ❞❡ ❧✬é♥❡r❣✐❡ ❞❡s é❧❡❝tr♦♥s✳
▲❡ ❞ét❡❝t❡✉r ❍✶ ♦❝❝✉♣❡ ✉♥ ✈♦❧✉♠❡ ❞✬❡♥✈✐r♦♥ 12 × 10 × 15 ♠3 ♣♦✉r ✉♥❡ ♠❛ss❡ ❞❡
2800 t♦♥♥❡s✳ ■❧ ❡st r❡♣rés❡♥té s✉r ❧❛ ✜❣✉r❡ ✶✳✹✱ t❡❧ q✉✬✐❧ ét❛✐t ❧♦rs ❞❡ ❧❛ ♣❤❛s❡ ❍❊❘❆ ■✳
❙❡s ❝❛r❛❝tér✐st✐q✉❡s ❞ét❛✐❧❧é❡s s♦♥t ❞✐s♣♦♥✐❜❧❡s ❞❛♥s ❬❆❜t✾✼❛✱ ❆❜t✾✼❜✱ ❆♣♣✾✼❪✳ ❙❡✉❧❡s s❡s
❝❛r❛❝tér✐st✐q✉❡s ♣r✐♥❝✐♣❛❧❡s s♦♥t r❛♣♣❡❧é❡s ✐❝✐✳
▲❡ s②stè♠❡ ❞❡ ❝♦♦r❞♦♥♥é❡s ✉t✐❧✐sé ❡st r❡♣rés❡♥té ❞❛♥s ❧❛ ✜❣✉r❡ ✶✳✹✳ ▲✬❛①❡ z ❡st ❞é✜♥✐
s✉✐✈❛♥t ❧❛ ❞✐r❡❝t✐♦♥ ❞✉ ❢❛✐s❝❡❛✉ ✐♥❝✐❞❡♥t ❞❡ ♣r♦t♦♥s✳ ▲✬❛✈❛♥t ❞✉ ❞ét❡❝t❡✉r ❡st ❞é✜♥✐ ❝♦♠♠❡
ét❛♥t ❧❛ ré❣✐♦♥ θ < 90◦✱ z > 0✳
✶✷ ❈❤❛♣✐tr❡ ✶ ✲ ▼ét❤♦❞❡s ❡t ♦✉t✐❧s ❡①♣ér✐♠❡♥t❛✉①
▲❛ ré❣✐♦♥ ❛rr✐èr❡ ✭153◦ < θ < 176◦✮ ❞✉ ❞ét❡❝t❡✉r ❡st ❝♦✉✈❡rt❡ ♣❛r ✉♥ ❝❛❧♦r✐♠ètr❡ s♣❛✲
❣❤❡tt✐✱ ❧❡ ❙♣❛❈❛❧ ❬❆♣♣✾✼❪✱ ❢♦r♠é ❞❡ ✜❜r❡s s❝✐♥t✐❧❧❛♥t❡s ❛✈❡❝ ❞❡s ❛❜s♦r❜❡✉rs ❡♥ ♣❧♦♠❜✳ ❙❛ ré✲
s♦❧✉t✐♦♥ ❡♥ é♥❡r❣✐❡ ♣♦✉r ❞❡s ❣❡r❜❡s é❧❡❝tr♦♠❛❣♥ét✐q✉❡s ❡st ❞❡ σ(E)/E ≃ 7.1%/
√
E/GeV⊕
1%✳ ▲❡ ❝❛❧♦r✐♠ètr❡ à ❛r❣♦♥ ❧✐q✉✐❞❡ ✭▲❆r✮ ❬❆♥❞✾✸❛❪ ❝♦✉✈r❡ ❧❛ ré❣✐♦♥ ❛♥❣✉❧❛✐r❡ 4◦ ≤ θ ≤ 154◦✳
❙❛ rés♦❧✉t✐♦♥ ❡♥ é♥❡r❣✐❡✱ ♠❡s✉ré❡ ❡♥ ❢❛✐s❝❡❛✉① t❡sts ❬❆♥❞✾✸❜✱ ❆♥❞✾✹❪✱ ❡st ❞❡ σ(E)/E ≃
11%/
√
E/●❡❱⊕1% ♣♦✉r ❞❡s ❣❡r❜❡s é❧❡❝tr♦♠❛❣♥ét✐q✉❡s ❡t ❞❡ σ(E)/E ≃ 50%/
√
E/●❡❱⊕
2% ♣♦✉r ❞❡s ❣❡r❜❡s ❤❛❞r♦♥✐q✉❡s✳
▲❡ ❞ét❡❝t❡✉r ❝❡♥tr❛❧ ❞❡ tr❛❝❡s ✭20◦ < θ < 160◦✮ ❡st ❝♦♠♣♦sé ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❡ ❞❡✉①
❝❤❛♠❜r❡s à ❞ér✐✈❡ ❝②❧✐♥❞r✐q✉❡s ❡t ❝♦❛①✐❛❧❡s✱ ❧❡s ❝❤❛♠❜r❡s à ❥❡ts ✭❈❏❈✮✳ ❯♥ s❡❝♦♥❞ ❞ét❡❝t❡✉r
✐♥t❡r♥❡ ❞❡ tr❛❝❡s ❝♦♥st✐t✉é✱ ❞❛♥s s❛ ✈❡rs✐♦♥ ❍❊❘❆ ■■✱ ❞❡ ❝❤❛♠❜r❡s à ❞ér✐✈❡ ❝♦✉✈r❡ é❣❛❧❡♠❡♥t
❧❛ ré❣✐♦♥ ❛✈❛♥t ❞✉ ❞ét❡❝t❡✉r ✭7◦ < θ < 25◦✮✳
▲❡ ❝❛❧♦r✐♠ètr❡ ▲❆r ❡t ❧❡s ❞ét❡❝t❡✉rs ❞❡ tr❛❝❡s ✐♥t❡r♥❡s s♦♥t s✐t✉és ❞❛♥s ✉♥❡ ❜♦❜✐♥❡
s✉♣r❛❝♦♥❞✉❝tr✐❝❡ ❢♦✉r♥✐ss❛♥t ✉♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❞❡ 1.16 ❚✳ ▲❛ ♠❡s✉r❡ ❞✉ ♠♦♠❡♥t
tr❛♥s✈❡rs❡ ❞❡s ♣❛rt✐❝✉❧❡s ❝❤❛r❣é❡s ❡st ❡✛❡❝t✉é à ♣❛rt✐r ❞❡ ❧❛ ❝♦✉r❜✉r❡ ❞❡ ❧❡✉r tr❛❥❡❝t♦✐r❡ ❞❛♥s
❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✳ ▲❡ ❞ét❡❝t❡✉r ❞❡ tr❛❝❡s ❝❡♥tr❛❧ ♣❡r♠❡t ❛❧♦rs ❞✬♦❜t❡♥✐r ✉♥❡ rés♦❧✉t✐♦♥
❛❧❧❛♥t ❥✉sq✉✬à σPT /PT = 0.002PT/GeV ⊕ 0.015✳
▲❛ ♣❛rt✐❡ ❧❛ ♣❧✉s ❡①t❡r♥❡ ❞✉ ❞ét❡❝t❡✉r ❡st ❝♦♥st✐t✉é❡ ❞❡ ❢❡r ✐♥str✉♠❡♥té ❛ss✉r❛♥t ❧❡
r❡t♦✉r ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡t s❡r✈❛♥t à ❞ét❡❝t❡r ❧❛ ✜♥ ❞❡s ❣❡r❜❡s ❤❛❞r♦♥✐q✉❡s ❧❡s ♣❧✉s
é♥❡r❣ét✐q✉❡s✳ ■❧ ❡st éq✉✐♣é ❞❡ t✉❜❡s ❢♦♥❝t✐♦♥♥❛♥t ❡♥ ♠♦❞❡ str❡❛♠❡r ❡t ❢♦r♠❡ ❛✐♥s✐ ❧❡ ❞ét❡❝✲
t❡✉r ❝❡♥tr❛❧ ❞❡ ♠✉♦♥s ✭4◦ < θ < 171◦✮✳ ❉❛♥s ❧❛ ré❣✐♦♥ ❛✈❛♥t ❞✉ ❞ét❡❝t❡✉r ✭3◦ < θ < 17◦✮✱
✉♥❡ sér✐❡ ❞❡ ❝❤❛♠❜r❡s à ❞ér✐✈❡ ♣❡r♠❡t é❣❛❧❡♠❡♥t ❞❡ ❞ét❡❝t❡r ❧❡s ♠✉♦♥s ❡t ❞❡ ♠❡s✉r❡r ❧❡✉r
♠♦♠❡♥t ❡♥ ✉t✐❧✐s❛♥t ✉♥ ❛✐♠❛♥t t♦r♦ï❞❛❧✳
▲❛ ❧✉♠✐♥♦s✐té ❡st ❞ét❡r♠✐♥é❡ à ♣❛rt✐r ❞❡ ❧❛ ♠❡s✉r❡ ❞✉ ♣r♦❝❡ss✉s ❇❡t❤❡✲❍❡✐t❧❡r ❞❛♥s ✉♥
❝❛❧♦r✐♠ètr❡ ♣r♦❝❤❡ ❞✉ ❢❛✐s❝❡❛✉ s✐t✉é à z = −103 ♠ ❞❛♥s ❧❛ ré❣✐♦♥ ❛rr✐èr❡✳
✶✳✹ ❘❡❝♦♥str✉❝t✐♦♥ ❞❡s é✈é♥❡♠❡♥ts ❡t t❡❝❤♥✐q✉❡s ❞✬❛♥❛✲
❧②s❡
▲❛ r❡❝♦♥str✉❝t✐♦♥ ❞❡s é✈é♥❡♠❡♥ts ❞ét❡❝tés ❡t ❡♥r❡❣✐strés s❡ ❢❛✐t ♣r✐♥❝✐♣❛❧❡♠❡♥t ❡♥ ❞❡✉①
ét❛♣❡s✳ ❯♥❡ ♣r❡♠✐èr❡ ét❛♣❡ ❝♦♥s✐st❡ à r❡❝♦♥str✉✐r❡ ❧❡s tr❛❝❡s à ♣❛rt✐r ❞❡s ❤✐ts ❞❛♥s ❧❡s
tr❛❥❡❝t♦❣r❛♣❤❡s ❡t à ❝♦♠❜✐♥❡r ❧❡s ❝❡❧❧✉❧❡s t♦✉❝❤é❡s ❞❡s ❝❛❧♦r✐♠ètr❡s ❡♥ ❛♠❛s ❞✬é♥❡r❣✐❡✳
❈❡tt❡ ♣r❡♠✐èr❡ ét❛♣❡ ❞❡ r❡❝♦♥str✉❝t✐♦♥ ✉t✐❧✐s❡ ❞❡s ❛❧❣♦r✐t❤♠❡s é❝r✐ts ❡♥ ❧❛♥❣❛❣❡ ❢♦rtr❛♥✳
▲❡s tr❛❝❡s ❡t ❛♠❛s ❞✬é♥❡r❣✐❡ r❡❝♦♥str✉✐ts s♦♥t ❡♥s✉✐t❡ ❝♦♠❜✐♥és ❡t ❛ss♦❝✐és à ❞❡s ♣❛rt✐❝✉❧❡s
❝❛♥❞✐❞❛t❡s✳
▲❡s ❛❧❣♦r✐t❤♠❡s ❞❡ ❝❡tt❡ s❡❝♦♥❞❡ ét❛♣❡ ♦♥t été ❡♥t✐èr❡♠❡♥t réé❝r✐ts ❡♥ ❧❛♥❣❛❣❡ ❈++ à
❧✬♦❝❝❛s✐♦♥ ❞❡ ❧❛ tr❛♥s✐t✐♦♥ ❡♥tr❡ ❍❊❘❆ ■ ❡t ❍❊❘❆ ■■✳ ❈❡tt❡ réé❝r✐t✉r❡ ❛ ♣❡r♠✐s ❞❡ ré♥♦✲
✈❡r ❡t ❞✬♦♣t✐♠✐s❡r ❧❡s ❛❧❣♦r✐t❤♠❡s ❢♦rtr❛♥ ✉t✐❧✐sés ❥✉sq✉✬❛❧♦rs✳ ❈❡❝✐ ❛ é❣❛❧❡♠❡♥t ♣❡r♠✐s ✉♥❡
st❛♥❞❛r❞✐s❛t✐♦♥ ❞❡s ❛❧❣♦r✐t❤♠❡s ❞✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s✱ ✉♥✐❢♦r♠✐s❛♥t ❡t ❢❛❝✐❧✐t❛♥t
❧❡s ❛♥❛❧②s❡s ❢❛✐t❡s ♣❛r ❧❛ s✉✐t❡✳ ▲✬❛✉tr❡ ❛✈❛♥t❛❣❡ ♣r✐♥❝✐♣❛❧ ❞❡ ❝❡s ♥♦✉✈❡❛✉① ❛❧❣♦r✐t❤♠❡s
❞✬✐❞❡♥t✐✜❝❛t✐♦♥ ❡st ❞❡ ❢♦✉r♥✐r ✉♥❡ r❡❝♦♥str✉❝t✐♦♥ ❝♦♠♣❧èt❡ ❞✉ ✢♦t ❞✬é♥❡r❣✐❡ ❞❛♥s ❧❡ ❞é✲
t❡❝t❡✉r✱ s❛♥s ❞♦✉❜❧❡ ❝♦♠♣t❛❣❡ ❞❡ ❧✬é♥❡r❣✐❡✳ ❈❤❛q✉❡ tr❛❝❡ ❡t ❛♠❛s ❞✬é♥❡r❣✐❡ ❡st ❛✉ ✜♥❛❧
❛ss♦❝✐é ❞❡ ♠❛♥✐èr❡ ✉♥✐q✉❡ à ✉♥❡ ♣❛rt✐❝✉❧❡ ✐❞❡♥t✐✜é❡✳ ▲❡s ♣❛rt✐❝✉❧❡s ✐❞❡♥t✐✜é❡s ♣❡✉✈❡♥t ❡♥✲
s✉✐t❡ êtr❡ ✉t✐❧✐sé❡s ❞❡ ❧❛ ♠ê♠❡ ♠❛♥✐èr❡ ♣❛r t♦✉t❡s ❧❡s ❛♥❛❧②s❡s ❞❡ ♣❤②s✐q✉❡ ♠❡♥é❡s ❞❛♥s
❍✶✱ q✉❛s✐✲✐♥❞é♣❡♥❞❛♠♠❡♥t ❞✉ s✉❥❡t tr❛✐té✳
❈❡ rés✉❧t❛t ❛ ♣✉ êtr❡ ♦❜t❡♥✉ ❡♥ r❛ss❡♠❜❧❛♥t ❧✬❡①♣❡rt✐s❡ ❛❝q✉✐s❡ ❞❛♥s ❧❡s ❞✐✛ér❡♥ts
❣r♦✉♣❡s ❞❡ ♣❤②s✐q✉❡ ❡t ❡♥ ❝♦♠❜✐♥❛♥t ❧❡s ✐♥❢♦r♠❛t✐♦♥s ❢♦✉r♥✐❡s ♣❛r ❧❡s ❞✐✛ér❡♥ts s♦✉s✲
❞ét❡❝t❡✉rs✳ ▲❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡s ❝♦♥♥❡❝t✐♦♥s ❡♥tr❡ ❧❡s ❞✐✛ér❡♥ts ✐❞❡♥t✐✜❝❛t❡✉rs ❡st é❣❛✲
✶✳✺ ✲ ❈♦♥tr✐❜✉t✐♦♥s ♣❡rs♦♥♥❡❧❧❡s ✶✸
❧❡♠❡♥t ✐♠♣♦rt❛♥t❡✳ ❈❡ tr❛✈❛✐❧ ❞✬✉♥✐❢♦r♠✐s❛t✐♦♥ ❡t ❞❡ st❛♥❞❛r❞✐s❛t✐♦♥ ❞❡s ❛❧❣♦r✐t❤♠❡s ❞❡
r❡❝♦♥str✉❝t✐♦♥ ❞✉ ✢♦t ❞✬é♥❡r❣✐❡ ❣❧♦❜❛❧ ❞❛♥s ❧❡ ❞ét❡❝t❡✉r ❛ été ❝r✉❝✐❛❧✱ ♣♦✉r ❢❛❝✐❧✐t❡r ❡t
❛ss✉r❡r ❧❛ q✉❛❧✐té ❞❡s ❛♥❛❧②s❡s ❞❡ ♣❤②s✐q✉❡ ♠❡♥é❡s ♣❛r ❧❛ s✉✐t❡✳
▲✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡s ❞✐✛ér❡♥ts t②♣❡s ❞❡ ♣❛rt✐❝✉❧❡s s✬❡✛❡❝t✉❡ séq✉❡♥t✐❡❧❧❡♠❡♥t✳ ❊♥ ♣r❡♠✐❡r
❧✐❡✉✱ ❧❡s ❝❛♥❞✐❞❛ts é❧❡❝tr♦♥s ❡t ♣❤♦t♦♥s s♦♥t ✐❞❡♥t✐✜és à ♣❛rt✐r ❞✬✉♥ ❞é♣ôt ❞✬é♥❡r❣✐❡ ❝♦♠♣❛❝t
❡t ✐s♦❧é ❞❛♥s ❧❡s ❝❛❧♦r✐♠ètr❡s é❧❡❝tr♦♠❛❣♥ét✐q✉❡s ❞✉ ▲❆r ❡t ❞✉ ❙♣❛❈❛❧✳ ▲❡✉r é♥❡r❣✐❡ ❡t
❞✐r❡❝t✐♦♥ ❛♥❣✉❧❛✐r❡ s♦♥t ♠❡s✉ré❡s ♣❛r ❧❡s ❝❛❧♦r✐♠ètr❡s✳ ▲✬❛ss♦❝✐❛t✐♦♥ ♦✉ ♥♦♥ ❞✬✉♥❡ tr❛❝❡ ❛✉
❞é♣ôt ❞✬é♥❡r❣✐❡ ♣❡r♠❡t ❛❧♦rs ❞❡ ❞✐st✐♥❣✉❡r ❧❡s é❧❡❝tr♦♥s ❞❡s ♣❤♦t♦♥s✳
▲❡s ❝❛♥❞✐❞❛ts ♠✉♦♥s s♦♥t ❡♥s✉✐t❡ ✐❞❡♥t✐✜és à ♣❛rt✐r ❞✬✉♥❡ tr❛❝❡ ✐♥t❡r♥❡ ♠❡s✉ré❡ ❛✈❡❝
✉♥❡ ❜♦♥♥❡ ♣ré❝✐s✐♦♥ ❡t ❞♦♥t ❧❛ ❞✐r❡❝t✐♦♥ ❝♦ï♥❝✐❞❡ ❛✈❡❝ ✉♥❡ tr❛❝❡ ♦✉ ✉♥ ❞é♣ôt ❞✬é♥❡r❣✐❡ ❞❛♥s
❧❡s ❞ét❡❝t❡✉rs ❡①t❡r♥❡s ❞❡ ♠✉♦♥s✳ ▲✬✐♠♣✉❧s✐♦♥ ❞✉ ♠✉♦♥ ❡st ❛❧♦rs ♠❡s✉ré❡ ♣❛r ❧❛ ❝♦✉r❜✉r❡
❞❡ ❧❛ tr❛❝❡ ✐♥t❡r♥❡ ❞❛♥s ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✳
❊♥✜♥✱ t♦✉s ❧❡s ❞é♣ôts ❞✬é♥❡r❣✐❡ ❡t tr❛❝❡s r❡st❛♥t❡s✱ ♥♦♥ ❛ss♦❝✐és à ❞❡s é❧❡❝tr♦♥s✱ ♣❤♦✲
t♦♥s ♦✉ ♠✉♦♥s✱ ♠❛✐s ❛✉ss✐ ❧❡s ❝❛♥❞✐❞❛ts é❧❡❝tr♦♥s✱ ♣❤♦t♦♥s ♦✉ ♠✉♦♥s q✉✐ ♥❡ s♦♥t ♣❛s
s✉✣s❛♠♠❡♥t ✐s♦❧és ❞❛♥s ❧❡ ❞ét❡❝t❡✉r ♣❛r r❛♣♣♦rt à ❞✬❛✉tr❡s tr❛❝❡s ♦✉ ❞é♣ôts ❞✬é♥❡r❣✐❡✱
s♦♥t ❝♦♠❜✐♥és ♣♦✉r ❢♦r♠❡r ❞❡s ❤❛❞r♦♥s✳ ▲✬ét❛t ✜♥❛❧ ❤❛❞r♦♥✐q✉❡ ❡st ❛❧♦rs r❡❝♦♥str✉✐t ♣❛r
✉♥ ❛❧❣♦r✐t❤♠❡ s♣é❝✐✜q✉❡✱ ❞ét❛✐❧❧é ❞❛♥s ❧✬❛♥♥❡①❡ ❆✱ ❡t q✉✐ ❝♦♠❜✐♥❡ tr❛❝❡s ❡t ❞é♣ôts ❞✬é♥❡r✲
❣✐❡ ❡♥ ♦❜❥❡ts ❤❛❞r♦♥✐q✉❡s ❛✜♥ ❞❡ ♣❡r♠❡ttr❡ ✉♥❡ ♠❡s✉r❡ ❞❡ ❧✬é♥❡r❣✐❡ ❤❛❞r♦♥✐q✉❡ ❛✈❡❝ ❧❛
♠❡✐❧❧❡✉r❡ rés♦❧✉t✐♦♥ ♣♦ss✐❜❧❡✱ s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡ ❧❛ ❣❛♠♠❡ ❞✬é♥❡r❣✐❡✳ ■❧ ❡st ✐♥tér❡ss❛♥t ❞❡
♥♦t❡r q✉❡✱ ❛✉ ✜♥❛❧✱ ❞❛♥s ❧❛ ré❣✐♦♥ ❝❡♥tr❛❧❡ ❞✉ ❞ét❡❝t❡✉r✱ ♣❧✉s ❞❡ 60✪ ❞❡ ❧✬é♥❡r❣✐❡ ❤❛❞r♦✲
♥✐q✉❡ t♦t❛❧❡ s❡ tr♦✉✈❡ êtr❡ ♠❡s✉ré❡ ♣❛r ❧❡s tr❛❥❡❝t♦❣r❛♣❤❡s✱ ♣❡r♠❡tt❛♥t ❛✐♥s✐ ❞✬❛♠é❧✐♦r❡r
s✐❣♥✐✜❝❛t✐✈❡♠❡♥t ❧❛ rés♦❧✉t✐♦♥ ❞❡ s❛ ♠❡s✉r❡✳
▲❡s ❥❡ts ❤❛❞r♦♥✐q✉❡s s♦♥t r❡❝♦♥str✉✐ts à ♣❛rt✐r ❞❡ ❝❡s ♦❜❥❡ts ❤❛❞r♦♥✐q✉❡s✱ ❛✈❡❝ ✉♥ PT
♠✐♥✐♠✉♠ ❞❡ 2.5 ●❡❱✱ ❡♥ ✉t✐❧✐s❛♥t ✉♥ ❛❧❣♦r✐t❤♠❡ ✐♥❝❧✉s✐❢ ❞❡ kT ❬❊❧❧✾✸✱ ❈❛t✾✸❪ ❛✈❡❝ ✉♥
s❝❤é♠❛ ❞❡ r❡❝♦♠❜✐♥❛✐s♦♥ ♣♦♥❞éré ❡♥ PT ❡t ❞❛♥s ❧❡q✉❡❧ ❧❡s ❥❡ts s♦♥t tr❛✐tés ❝♦♠♠❡ ét❛♥t
s❛♥s ♠❛ss❡✳
❆✉ ✜♥❛❧✱ ❧❡ s❝❤é♠❛ ❞❡ r❡❝♦♥str✉❝t✐♦♥ ❞❡s ❞✐✛ér❡♥t❡s ♣❛rt✐❝✉❧❡s ét❛♥t ✉♥✐q✉❡ ❡t s❛♥s
❞♦✉❜❧❡ ❝♦♠♣t❛❣❡ ❞❡ ❧✬é♥❡r❣✐❡✱ ❧✬✐♠♣✉❧s✐♦♥ tr❛♥s✈❡rs❡ ♠❛♥q✉❛♥t❡✱ PmissT ✱ ❞❡ ❧✬é✈é♥❡♠❡♥t
♣❡✉t êtr❡ r❡❝♦♥str✉✐t❡ s✐♠♣❧❡♠❡♥t à ♣❛rt✐r ❞❡ ❧❛ s♦♠♠❡ ❞❡s q✉❛❞r✐✲✈❡❝t❡✉rs ❞❡ t♦✉t❡s ❧❡s
♣❛rt✐❝✉❧❡s r❡❝♦♥str✉✐t❡s✳
✶✳✺ ❈♦♥tr✐❜✉t✐♦♥s ♣❡rs♦♥♥❡❧❧❡s
❆ ♠♦♥ ❛rr✐✈é❡ ❞❛♥s ❧❛ ❝♦❧❧❛❜♦r❛t✐♦♥ ❍✶✱ ❞é❜✉t 2002✱ ❥✬❛✐ ❝♦♠♠❡♥❝é ♣❛r ♠✬✐♠♣❧✐q✉❡r
❞❛♥s ❧❡ ♣r♦❥❡t ❞❡ réé❝r✐t✉r❡ ❞❡s ❛❧❣♦r✐t❤♠❡s ❞✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡ ♣❛rt✐❝✉❧❡s ❡♥ ❧❛♥❣❛❣❡ ♦r✐❡♥té
♦❜❥❡t ✭❈++ ❡t ❘♦♦t✮✳ ❏✬❛✐ ♣r✐s t♦✉t ❞✬❛❜♦r❞ ❧❛ r❡s♣♦♥s❛❜✐❧✐té ❞❡ ❧❛ réé❝r✐t✉r❡ ❞❡ ❧✬✐❞❡♥t✐✜✲
❝❛t❡✉r ❞✬é❧❡❝tr♦♥s ✭♣❤♦t♦♥s✮✳
P❛r ❧❡ ❜✐❛✐s ❞✉ ❝♦✲❡♥❝❛❞r❡♠❡♥t ❞❡ ▼❛tt✐ P❡❡③✱ ét✉❞✐❛♥t ❡♥ t❤ès❡ à ▼❛rs❡✐❧❧❡✱ ❥❡ ♠❡
s✉✐s ❡♥s✉✐t❡ ✐♠♣❧✐q✉é ❞❛♥s ❧❛ ✈❛❧✐❞❛t✐♦♥ ❞❡s ♥♦✉✈❡❛✉① ✐❞❡♥t✐✜❝❛t❡✉rs ❛✐♥s✐ q✉❡ ❞❛♥s ❧❡
❞é✈❡❧♦♣♣❡♠❡♥t ❞✬✉♥❡ ♥♦✉✈❡❧❧❡ r❡❝♦♥str✉❝t✐♦♥ ❞❡ ❧✬ét❛t ❤❛❞r♦♥✐q✉❡ ✜♥❛❧✳ ❏✬❛✐ ♣❛r ❧❛ s✉✐t❡
❛ss✉♠é ❧❛ r❡s♣♦♥s❛❜✐❧✐té ❞❡ ❝❡t ✐❞❡♥t✐✜❝❛t❡✉r ❞❡ ❤❛❞r♦♥s ❛✉ s❡✐♥ ❞❡ ❧❛ ❝♦❧❧❛❜♦r❛t✐♦♥ ❍✶
✭✈♦✐r ❛♥♥❡①❡ ❆✮✳
❉❡ ❢❛ç♦♥ ♣❧✉s ❣é♥ér❛❧❡✱ ❥❡ ♠❡ s✉✐s ❢♦rt❡♠❡♥t ✐♠♣❧✐q✉é ❞❛♥s ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ❝❡s
♥♦✉✈❡❛✉① ❛❧❣♦r✐t❤♠❡s ❞✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡ ♣❛rt✐❝✉❧❡s ❡♥ ❧❛♥❣❛❣❡ ♦r✐❡♥té ♦❜❥❡t✱ ♥♦t❛♠♠❡♥t
♣♦✉r ♣♦✉ss❡r à ✉♥❡ ♣❧✉s ❣r❛♥❞❡ st❛❜✐❧✐té ❞❡s ♣r♦❣r❛♠♠❡s✱ ✐♥❞✐s♣❡♥s❛❜❧❡ ♣♦✉r t♦✉t❡ ❛♥❛❧②s❡
❞❡ ♣❤②s✐q✉❡✳ ❏✬❛✐ ❡♥s✉✐t❡ tr❛✈❛✐❧❧é à ❧❡✉r ✈❛❧✐❞❛t✐♦♥ ♣♦✉r ❧✬♦❜t❡♥t✐♦♥ ❞❡ rés✉❧t❛ts ❞❡ ♣❤②s✐q✉❡
❞❡ q✉❛❧✐té✳ ❈❡s ✐❞❡♥t✐✜❝❛t❡✉rs ♦♥t été à ❧❛ ❜❛s❡ ❞❡s ❛♥❛❧②s❡s ❞❡ ♣❤②s✐q✉❡ ♠❡♥é❡s s✉r ❧❡s
❞♦♥♥é❡s ❞❡ ❍❊❘❆ ■■ à ♣❛rt✐r ❞❡ 2003✳
✶✹ ❈❤❛♣✐tr❡ ✶ ✲ ▼ét❤♦❞❡s ❡t ♦✉t✐❧s ❡①♣ér✐♠❡♥t❛✉①
❉❛♥s ❧❛ ❝♦♥t✐♥✉✐té ❞❡ ❝❡ tr❛✈❛✐❧✱ ❥✬❛✐ ❞✐r✐❣é ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✬✉♥❡ ♥♦✉✈❡❧❧❡ ❝❛❧✐❜r❛t✐♦♥
❞❡s ❥❡ts ❤❛❞r♦♥✐q✉❡s✱ ❡♥ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❇❡♥❥❛♠✐♥ P♦rt❤❡❛✉❧t✱ ét✉❞✐❛♥t ❡♥ t❤ès❡ ❛✉
▲❆▲✱ à ❖rs❛② ✭✈♦✐r ❛♥♥❡①❡ ❆✮✳ ❈❡tt❡ ❝❛❧✐❜r❛t✐♦♥ ❡st ❞❡✈❡♥✉❡ ❧❡ st❛♥❞❛r❞ ❞❡s ❛♥❛❧②s❡s ❞❡
❍✶ ❡t ❥✬❡♥ ❛✐ ❛ss✉ré ❧❛ ♠✐s❡ à ❥♦✉r ❛✉ ❢✉r ❡t à ♠❡s✉r❡ ❞❡ ❧✬❛❝q✉✐s✐t✐♦♥ ❞❡ ♥♦✉✈❡❧❧❡s ❞♦♥♥é❡s
❧♦rs ❞❡ ❧❛ ♣❤❛s❡ ❍❊❘❆ ■■✳ ❊❧❧❡ ❛ ♥♦t❛♠♠❡♥t ♣❡r♠✐s ❞✬❛♠é❧✐♦r❡r ❧❛ ♣ré❝✐s✐♦♥ ❡①♣ér✐♠❡♥t❛❧❡
❞❡ ❧❛ ♠❡s✉r❡ ❞❡ αs à ♣❛rt✐r ❞❡s ❥❡ts ❞❡ ❣r❛♥❞❡ ✐♠♣✉❧s✐♦♥ tr❛♥s✈❡rs❡ ❬❆❛r✵✾❛❪✳ ▲❛ ♣ré❝✐s✐♦♥
❡①♣ér✐♠❡♥t❛❧❡ ❞❡ ❝❡tt❡ ♠❡s✉r❡ ❡st ❡♥ ❡✛❡t ❝♦♥tr❛✐♥t❡ ♣❛r ❧✬❡rr❡✉r s②sté♠❛t✐q✉❡ s✉r ❧❛ ♠❡s✉r❡
❞❡ ❧✬é♥❡r❣✐❡ ❞❡s ❥❡ts✱ q✉✐ ❛ ♣✉ êtr❡ ré❞✉✐t❡ à 1.5✪ ✭❛✉ ❧✐❡✉ ❞❡ 2✪ ♣ré❝é❞❡♠♠❡♥t✮ ♣❛r ❝❡tt❡
❝❛❧✐❜r❛t✐♦♥ ♣♦✉r ❧❡s ❞♦♥♥é❡s ❍❊❘❆ ■■✳
❊♥ 2006✲2007✱ ❥✬❛✐ ♠✐s ❡♥ ♣❧❛❝❡ ❡t ❝♦✲❝♦♦r❞♦♥♥é ✉♥ ❣r♦✉♣❡ ❞❡ tr❛✈❛✐❧ ❞❡ ❧❛ ❝♦❧❧❛❜♦✲
r❛t✐♦♥ ❍✶✱ ❡♥ ❝❤❛r❣❡ ❞❡ ❧❛ ❝❛❧✐❜r❛t✐♦♥ ♦✤✐♥❡ ❞❡ ❧✬❡♥s❡♠❜❧❡ ❞❡s ❝❛❧♦r✐♠ètr❡s ❞❡ ❍✶✳ ▲❡
❜✉t ❞❡ ❝❡ ❣r♦✉♣❡ ❡st ❞❡ ❢♦✉r♥✐r à ❧❛ ❝♦❧❧❛❜♦r❛t✐♦♥ ✉♥ ❡♥s❡♠❜❧❡ ❝♦❤ér❡♥t ❞❡ ❝❛❧✐❜r❛t✐♦♥s ❡t
❞✬❛❧✐❣♥❡♠❡♥t ❞❡ t♦✉s ❧❡s ❝❛❧♦r✐♠ètr❡s ❞❡ ❍✶✱ s✉r ❧✬❡♥s❡♠❜❧❡ ❞✉ ❞♦♠❛✐♥❡ ❡♥ é♥❡r❣✐❡✱ ♣♦✉r
❧❡s é❧❡❝tr♦♥s ❡t ❤❛❞r♦♥s ❡t ♣♦✉r ❧✬❡♥s❡♠❜❧❡ ❞❡s ❞♦♥♥é❡s✳ ❉❛♥s ❝❡ ❣r♦✉♣❡✱ ❥✬❛✐✱ ❡♥tr❡ ❛✉tr❡s✱
été r❡s♣♦♥s❛❜❧❡ ❞❡s ♣r❡♠✐èr❡s ❝❛❧✐❜r❛t✐♦♥s ❡♥ é♥❡r❣✐❡ ❞✉ ❝❛❧♦r✐♠ètr❡ é❧❡❝tr♦♥✐q✉❡ ❛rr✐èr❡
✭❙♣❛❈❛❧✮✱ ♣♦✉r ❧❡s ❞♦♥♥é❡s ❍❊❘❆ ■■✳ ❏✬❛✐ é❣❛❧❡♠❡♥t ❝♦♥tr✐❜✉é ♣❧✉s ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❛✉ ❞é✲
✈❡❧♦♣♣❡♠❡♥t ❞❡ ♥♦✉✈❡❧❧❡s ♠ét❤♦❞❡s ❞❡ ❝❛❧✐❜r❛t✐♦♥ ❞❡s ❤❛❞r♦♥s ❞❡ ❜❛ss❡ é♥❡r❣✐❡✳ ▲❡s ✐❞é❡s
q✉❡ ❥✬❛✐ ✐♥tr♦❞✉✐t❡s ❛❧♦rs ♦♥t ♣❡r♠✐s ❞✬♦❜t❡♥✐r ♠❛✐♥t❡♥❛♥t ✉♥❡ ❝❛❧✐❜r❛t✐♦♥ r❡❧❛t✐✈❡ ❞✬✉♥❡
♣ré❝✐s✐♦♥ ❞❡ 2✪ ✭❝♦♥tr❡ ∼ 4✪ ❛✉♣❛r❛✈❛♥t✮ ♣♦✉r ❧❡s ❤❛❞r♦♥s ❞❡ ❜❛ss❡ é♥❡r❣✐❡✳
❊♥✜♥✱ ❛✉ s❡✐♥ ❞✉ ❣r♦✉♣❡ ❍✶ ❞✉ ❈PP▼✱ ❥✬❛✐ ❞é✈❡❧♦♣♣é ✉♥ ❡♥✈✐r♦♥♥❡♠❡♥t ❞✬❛♥❛❧②s❡
❛✉t♦♠❛t✐sé ♣♦✉r ❧❛ ❣❡st✐♦♥ ❞❡ ❧❛r❣❡s ❧♦ts ❤étér♦❣è♥❡s ❞❡ ❞♦♥♥é❡s ❡t ❞❡ ▼♦♥t❡ ❈❛r❧♦ ❡t
r❡♣♦s❛♥t s✉r ❧✬✉t✐❧✐s❛t✐♦♥ ❞✉ ❝❛❧❝✉❧ ❞✐str✐❜✉é ❛✉♣rès ❞❡s ❢❡r♠❡s ❞❡ ♣r♦❝❡ss❡✉rs ❞❡s ❝❡♥tr❡s
❞❡ ❝❛❧❝✉❧✳ ❈❡t ❡♥✈✐r♦♥♥❡♠❡♥t ❛ ❛✐♥s✐ ♣❡r♠✐s ❞❡ ♠❡♥❡r ❡✣❝❛❝❡♠❡♥t ❡♥ ♣❛r❛❧❧è❧❡ ✉♥❡ ❣r❛♥❞❡
✈❛r✐été ❞✬❛♥❛❧②s❡s ❞✐✛ér❡♥t❡s✳ ■❧ ❛ ❡♥s✉✐t❡ été é❣❛❧❡♠❡♥t ✉t✐❧✐sé ♣❧✉s ❧❛r❣❡♠❡♥t ❞❛♥s ❧❛
❝♦❧❧❛❜♦r❛t✐♦♥ ❍✶✱ ♥♦t❛♠♠❡♥t ♣♦✉r ❧❡s ❛♥❛❧②s❡s ❞❡ r❡❝❤❡r❝❤❡ ❞❡ ♥♦✉✈❡❧❧❡ ♣❤②s✐q✉❡✳
❈❤❛♣✐tr❡ ✷ ✲ ▲❛ ♣ré❝✐s✐♦♥ ❞✉ ♠♦❞è❧❡ st❛♥❞❛r❞ ✿ ♠étr♦❧♦❣✐❡ ❞❡ ❧❛ str✉❝t✉r❡ ❞✉ ♣r♦t♦♥ ✶✺
❈❤❛♣✐tr❡ ✷
▲❛ ♣ré❝✐s✐♦♥ ❞✉ ♠♦❞è❧❡ st❛♥❞❛r❞ ✿
♠étr♦❧♦❣✐❡ ❞❡ ❧❛ str✉❝t✉r❡ ❞✉ ♣r♦t♦♥
❯♥ ❞❡s ✐♥térêts ♠❛❥❡✉r ❞❡ ❍❊❘❆ ❡st ❜✐❡♥ sûr ❞❡ ♣♦✉✈♦✐r rés♦✉❞r❡ ❧❛ str✉❝t✉r❡ ❡♥ q✉❛r❦s
❡t ❣❧✉♦♥s ❞✉ ♣r♦t♦♥ s✉r ✉♥ ✈❛st❡ ❞♦♠❛✐♥❡ ❡♥ (x,Q2)✱ ❥❛♠❛✐s s♦♥❞é ❛✉♣❛r❛✈❛♥t✳
❆♣rès q✉❡❧q✉❡s ❜r❡❢s r❛♣♣❡❧s s✉r ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞❡ ❧❛ str✉❝t✉r❡ ❞✉ ♣r♦t♦♥ ❞❛♥s ❧❡ ❝❛❞r❡
❞✉ ♠♦❞è❧❡ st❛♥❞❛r❞✱ ♥♦✉s ♣rés❡♥t❡r♦♥s ❧❡s ♠❡s✉r❡s ré❝❡♥t❡s ❞❡ ❉■❙ ♣❛r ❝♦✉r❛♥t ♥❡✉tr❡ ❡t
❝❤❛r❣é à ❣r❛♥❞ Q2 ❡✛❡❝t✉é❡s à ❍❊❘❆✳ ◆♦✉s ♠♦♥tr❡r♦♥s ❧❡✉r ✐♠♣❛❝t s✉r ❧❛ ❞ét❡r♠✐♥❛t✐♦♥
❞❡ ❧❛ str✉❝t✉r❡ ❞✉ ♣r♦t♦♥ ❡t ♣r✐♥❝✐♣❛❧❡♠❡♥t s♦♥ ❝♦♥t❡♥✉ ❡♥ ✐♠♣✉❧s✐♦♥ ❧♦♥❣✐t✉❞✐♥❛❧❡✳
❊♥✜♥✱ ♥♦✉s ♠♦♥tr❡r♦♥s q✉❡ ❝❡s ❞♦♥♥é❡s à ❣r❛♥❞ Q2 ♣❡r♠❡tt❡♥t é❣❛❧❡♠❡♥t ✉♥❡ ❞ét❡r♠✐✲
♥❛t✐♦♥ ❛❧t❡r♥❛t✐✈❡ ❞❡ ❝❡rt❛✐♥s ♣❛r❛♠ètr❡s ❡t ♣r♦♣r✐étés ❞✉ s❡❝t❡✉r é❧❡❝tr♦❢❛✐❜❧❡ ❞✉ ♠♦❞è❧❡
st❛♥❞❛r❞✳
✷✳✶ ▲❛ str✉❝t✉r❡ ❞✉ ♣r♦t♦♥ ❞❛♥s ❧❡ ♠♦❞è❧❡ st❛♥❞❛r❞
✷✳✶✳✶ ▲❡ ♠♦❞è❧❡ ❞❡s q✉❛r❦s✲♣❛rt♦♥s ❡t ❧❡s ❢♦♥❝t✐♦♥s ❞❡ str✉❝t✉r❡
▲❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ✐♥❝❧✉s✐✈❡ ❞❡s ❝♦❧❧✐s✐♦♥s ep ✐♥é❧❛st✐q✉❡s ♣❡✉t êtr❡ ❡①♣r✐♠é❡ ❡♥ ❢♦♥❝t✐♦♥
❞❡s ✈❛r✐❛❜❧❡s x ❡t Q2 ✿
d2σep
dxdQ2
=
4πα2em
xQ4
[
y2
2
2xF1(x,Q
2) + (1− y)F2(x,Q2)±
(
y − y
2
2
)
xF3(x,Q
2)
]
. ✭✷✳✶✮
▲❡s ❢♦♥❝t✐♦♥s ❞❡ str✉❝t✉r❡ F1✱ F2✱ F3 ❞é♣❡♥❞❡♥t ❞✉ ♣r♦❝❡ss✉s ❝♦♥s✐❞éré ❡t ❞❡ s❛ ❝✐♥é♠❛t✐q✉❡✳
▲❛ ❢♦♥❝t✐♦♥ ❞❡ str✉❝t✉r❡ F3 ❡st ♥♦♥ ♥✉❧❧❡ s❡✉❧❡♠❡♥t ♣♦✉r ❧❡s ✐♥t❡r❛❝t✐♦♥s ❢❛✐❜❧❡s ❡t ❡st
❣é♥éré❡ ♣❛r ❧❡s ✐♥t❡r❛❝t✐♦♥s ✈✐♦❧❛♥t ❧❛ ♣❛r✐té✳
❊♥ ❞✐✛✉s✐♦♥ ♣r♦❢♦♥❞é♠❡♥t ✐♥é❧❛st✐q✉❡ ✭❉■❙✮✱ s♦✐t Q2 ≫ 1 ●❡❱2✱ ❧❡ ♣r♦t♦♥ ❡st ✈✉ ❝♦♠♠❡
❝♦♠♣♦sé ❞❡ ❝♦♥st✐t✉❛♥ts ❧✐❜r❡s ❡t ♣♦♥❝t✉❡❧s✱ ❧❡s ♣❛rt♦♥s✳ ❆✐♥s✐ ❞❛♥s ❧❡ ♠♦❞è❧❡ ❞❡s ♣❛rt♦♥s✱
❧✬✐♥t❡r❛❝t✐♦♥ ep ♣❡✉t êtr❡ ❞é❝r✐t❡ ❝♦♠♠❡ ✉♥❡ s♦♠♠❡ ♥♦♥ ❝♦❤ér❡♥t❡ ❞❡ ❝♦♥tr✐❜✉t✐♦♥s ❞❡
♣❛rt♦♥s ❧✐❜r❡s✳
▲❡s ♣❛rt♦♥s ❝♦♥st✐t✉❛♥t ❧❡ ♣r♦t♦♥ ♦♥t ❡♥s✉✐t❡ été ✐❞❡♥t✐✜és ❛✉① q✉❛r❦s✱ ❡t ♥♦✉s ♣❛r❧♦♥s
❛❧♦rs ❞✉ ♠♦❞è❧❡ ❞❡s q✉❛r❦s✲♣❛rt♦♥s✳ ▲❡s ❢♦♥❝t✐♦♥s ❞❡ str✉❝t✉r❡ ♣❡✉✈❡♥t ❛❧♦rs êtr❡ ❡①♣r✐♠é❡s
❡♥ t❡r♠❡s ❞❡ ❞✐str✐❜✉t✐♦♥s ❞❡ q✉❛r❦s qi(x)✱ ❧✬✐♥❞✐❝❡ i ✐♥❞✐q✉❛♥t ❧❡ t②♣❡ ❞❡ q✉❛r❦✳ ❉❛♥s ✉♥
♠♦❞è❧❡ ♥❛ï❢ ❞❡ q✉❛r❦s✲♣❛rt♦♥s s❛♥s ✐♥t❡r❛❝t✐♦♥s ❡♥tr❡ ❡✉①✱ ❛✉❝✉♥❡ ❞é♣❡♥❞❛♥❝❡ ❡♥ Q2 ❞❡
❝❡s ❞✐str✐❜✉t✐♦♥s ♥✬❡st ❛tt❡♥❞✉❡✳ ❈❡tt❡ ♣r♦♣r✐été✱ ❛♣♣❡❧é❡ ✐♥✈❛r✐❛♥❝❡ ❞✬é❝❤❡❧❧❡ ✭♦✉ ❇❥♦r❦❡♥
s❝❛❧✐♥❣✮✱ ❡st ❞✉❡ ❛✉ ❝❛r❛❝tèr❡ ♣♦♥❝t✉❡❧ ❞❡s q✉❛r❦s✳
❈♦♠♠❡ ❧❡s ❜♦s♦♥s ❞❡ ❥❛✉❣❡ é❧❡❝tr♦❢❛✐❜❧❡s s❡ ❝♦✉♣❧❡♥t ❛✉① q✉❛r❦s ♣❛r ✉♥ ♠é❧❛♥❣❡ ❞❡
❝♦✉♣❧❛❣❡s ✈❡❝t❡✉r ✭v✮ ❡t ❛①✐❛❧✲✈❡❝t❡✉r ✭a✮✱ ❧❡s ❢♦♥❝t✐♦♥s ❞❡ str✉❝t✉r❡ ♣❡✉✈❡♥t s✬❡①♣r✐♠❡r ❞❡
✶✻ ❈❤❛♣✐tr❡ ✷ ✲ ▲❛ ♣ré❝✐s✐♦♥ ❞✉ ♠♦❞è❧❡ st❛♥❞❛r❞ ✿ ♠étr♦❧♦❣✐❡ ❞❡ ❧❛ str✉❝t✉r❡ ❞✉ ♣r♦t♦♥
♠❛♥✐èr❡ ❣é♥ér❛❧❡ ✿
F1(x) =
1
2
∑
i
qi(x)(v
2
i + a
2
i ) ,
F2(x) =
∑
i
xqi(x)(v
2
i + a
2
i ) ,
F3(x) = 2
∑
i
qi(x)(viai) . ✭✷✳✷✮
▲✬✐♥❞✐❝❡ i ✐♥❝❧✉t t♦✉t❡s ❧❡s s❛✈❡✉rs ❞❡ q✉❛r❦s ❡t ❛♥t✐q✉❛r❦s q✉✐✱ s❡❧♦♥ ❧❡s ❧♦✐s ❞❡ ❝♦♥s❡r✈❛t✐♦♥✱
♣❡✉✈❡♥t ♣❛rt✐❝✐♣❡r à ❧✬✐♥t❡r❛❝t✐♦♥✳ P♦✉r ❞❡s ♣❛rt✐❝✉❧❡s ❞❡ s♣✐♥ 1/2✱ à ♣❛rt✐r ❞❡s ❢♦r♠✉❧❡s
✭✷✳✷✮ ❧❛ r❡❧❛t✐♦♥ ❞❡ ❈❛❧❧❛♥✲●r♦ss ❬❈❛❧✻✾❪ ♣❡r♠❡t ❞❡ r❡❧✐❡r F1 ❡t F2 ✿
2xF1(x) = F2(x) . ✭✷✳✸✮
❈❡ ♠♦❞è❧❡ ♥❛ï❢ ❞❡s q✉❛r❦s✲♣❛rt♦♥s ♥❡ ♣❡r♠❡t ❝❡♣❡♥❞❛♥t ♣❛s ❞✬❡①♣❧✐q✉❡r ❧❡s ♦❜s❡r✈❛t✐♦♥s
❡①♣ér✐♠❡♥t❛❧❡s ❞❡s ✈✐♦❧❛t✐♦♥s ❞❡ ❧✬✐♥✈❛r✐❛♥❝❡ ❞✬é❝❤❡❧❧❡ ❡t ❞❡ ❧❛ r❡❧❛t✐♦♥ ❞❡ ❈❛❧❧❛♥✲●r♦ss✳ ❊♥
❡✛❡t✱ s❡❧♦♥ ❧❡s ♣ré❞✐❝t✐♦♥s ❞❡ ❧❛ ◗❈❉✱ ❧❡s q✉❛r❦s s♦♥t ❧✐és ❞❛♥s ❧❡ ♣r♦t♦♥ ♣❛r ❧❡s ❣❧✉♦♥s✳
❉❡s ✢✉❝t✉❛t✐♦♥s ❝♦♠♠❡ ❧✬é♠✐ss✐♦♥ ❡t ❧❛ ré❛❜s♦r♣t✐♦♥ ❞❡ ❣❧✉♦♥s✱ ❛✐♥s✐ q✉❡ ❧❛ ❝ré❛t✐♦♥ ❡t
❧✬❛♥♥✐❤✐❧❛t✐♦♥ ❞❡ ♣❛✐r❡s qq¯ s♦♥t ❞♦♥❝ ❛tt❡♥❞✉❡s✳ ❆✐♥s✐✱ s❡❧♦♥ ❧❡ ♣♦✉✈♦✐r ❞❡ rés♦❧✉t✐♦♥ ❞❡
❧❛ s♦♥❞❡ ❡t ❧❡ t❡♠♣s ❝❛r❛❝tér✐st✐q✉❡ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥✱ ❝❡rt❛✐♥❡s ❞❡ ❝❡s ✢✉❝t✉❛t✐♦♥s ♣❡✉✈❡♥t
êtr❡ ✈✉❡s✱ ❝❤❛♥❣❡❛♥t ❛❧♦rs ❧❛ str✉❝t✉r❡ ♣❛rt♦♥✐q✉❡ ❞✉ ♣r♦t♦♥✳ ▲❡s ❢♦♥❝t✐♦♥s ❞❡ str✉❝t✉r❡
❛❝q✉✐èr❡♥t ❞♦♥❝ ✉♥❡ ❞é♣❡♥❞❛♥❝❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ Q2✳ ❈❡tt❡ ❞é♣❡♥❞❛♥❝❡ ❡♥ Q2 ❡st ❝❛❧❝✉❧❛❜❧❡
❞✐r❡❝t❡♠❡♥t ❡♥ ◗❈❉ ❡t s❛ ♠❡s✉r❡ ❝♦♥st✐t✉❡ ❞♦♥❝ ✉♥ ❞❡s t❡sts ❢♦♥❞❛♠❡♥t❛✉① ❞❡ ❧❛ ◗❈❉
♣❡rt✉r❜❛t✐✈❡✳ ▲❛ ✈✐♦❧❛t✐♦♥ ❞❡ ❧❛ r❡❧❛t✐♦♥ ❞❡ ❈❛❧❧❛♥✲●r♦ss ❡st q✉❛♥t à ❡❧❧❡ ✉♥❡ ❝♦♥séq✉❡♥❝❡
❞❡s r❛❞✐❛t✐♦♥s ◗❈❉✳ ❆✉✲❞❡❧à ❞✉ ♠♦❞è❧❡ ♥❛ï❢ ❞❡s q✉❛r❦s✲♣❛rt♦♥s✱ ❧❡ ♣r♦t♦♥ ❞♦✐t ❞♦♥❝ êtr❡
✈✉ ❝♦♠♠❡ ❝♦♠♣♦sé ❞❡ tr♦✐s q✉❛r❦s ❞❡ ✈❛❧❡♥❝❡✱ ✐ss✉s ❞✉ ♠♦❞è❧❡ ❞❡s q✉❛r❦s✲♣❛rt♦♥s✱ ♠❛✐s
❛✉ss✐✱ s❡❧♦♥ ❧✬é❝❤❡❧❧❡ à ❧❛q✉❡❧❧❡ ♥♦✉s r❡❣❛r❞♦♥s✱ ❞❡ ❣❧✉♦♥s ❡t ❞✬✉♥ ❡♥s❡♠❜❧❡ ❞❡ ♣❛✐r❡s qq¯✱
❛♣♣❡❧é ❧❛ ♠❡r✱ ♣r♦✈❡♥❛♥t ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ◗❈❉✳
✷✳✶✳✷ ▲❛ str✉❝t✉r❡ ❞✉ ♣r♦t♦♥ ❡♥ ◗❈❉
▲❡s ❞✐str✐❜✉t✐♦♥s ❞❡ q✉❛r❦s ♥❡ ♣❡✉✈❡♥t êtr❡ ❝❛❧❝✉❧é❡s ❡♥ ◗❈❉✳ ❈❡♣❡♥❞❛♥t✱ ❧❡ t❤é♦rè♠❡
❞❡ ❢❛❝t♦r✐s❛t✐♦♥ ❬❈♦❧✽✺❪ ♣❡r♠❡t ❞❡ sé♣❛r❡r ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s ❞✉r❡s ❧❡♣t♦♥✲
❤❛❞r♦♥ ❡♥ ✉♥❡ ♣❛rt✐❡ ❞✉r❡ ❞✬✐♥t❡r❛❝t✐♦♥ à ❝♦✉rt❡ ❞✐st❛♥❝❡✱ ❝❛❧❝✉❧❛❜❧❡ ♣❡rt✉r❜❛t✐✈❡♠❡♥t✱ ❡t
✉♥❡ ♣❛rt✐❡ ♥♦♥ ♣❡rt✉r❜❛t✐✈❡ ✉♥✐✈❡rs❡❧❧❡ ❧✐é❡ ❛✉① ✐♥t❡r❛❝t✐♦♥s à ❧♦♥❣✉❡ ❞✐st❛♥❝❡✱ ❧❡s ❢♦♥❝t✐♦♥s
❞❡ ❞✐str✐❜✉t✐♦♥ ❞❡ ♣❛rt♦♥s ✭P❉❋✮✳ ❈❡ t❤é♦rè♠❡ ❡st ✈❛❧❛❜❧❡ à ❞❡s ❝♦rr❡❝t✐♦♥s ❡♥ ♣✉✐ss❛♥❝❡ ❞❡
m2/Q2 ♣rès✱ m ét❛♥t ❧✬é❝❤❡❧❧❡ ❞❡ ♠❛ss❡ ❞❡s ❤❛❞r♦♥s ♠✐s ❡♥ ❥❡✉✱ ❡t ❛♣♣❡❧é❡s ❝♦♥tr✐❜✉t✐♦♥s
❞❡ t✇✐sts s✉♣ér✐❡✉rs ✭❤✐❣❤❡r t✇✐sts✮✳ ▲❛ ♣❛rt✐❡ ♣r✐♥❝✐♣❛❧❡ ❢❛❝t♦r✐sé❡ ❡st ❛♣♣❡❧é❡ ❧❡ t✇✐st
❞♦♠✐♥❛♥t ✭❧❡❛❞✐♥❣ t✇✐st✮✳ ❈❡ t❤é♦rè♠❡ ♣❡r♠❡t ❛❧♦rs ❞❡ ❝❛❧❝✉❧❡r ❧✬é✈♦❧✉t✐♦♥ ❡♥ ❢♦♥❝t✐♦♥ ❞❡
Q2 ❞❡s ❞✐str✐❜✉t✐♦♥s ❞❡ ♣❛rt♦♥s ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧❛ ◗❈❉ ♣❡rt✉r❜❛t✐✈❡✳
❊♥ ◗❈❉✱ ❧✬é♠✐ss✐♦♥ ❞❡ ❣❧✉♦♥s ❡st ♣r♦♣♦rt✐♦♥❡❧❧❡ à ❧❛ ❝♦♥st❛♥t❡ ❞❡ ❝♦✉♣❧❛❣❡ ❢♦rt✱ αs✱ q✉✐
❡st ♣ré❞✐t❡ ❞é❝r♦✐ss❛♥t❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬é❝❤❡❧❧❡ ❞❡ r❡♥♦r♠❛❧✐s❛t✐♦♥ ❞✉ ♣r♦❝❡ss✉s ❝♦♥s✐❞éré✱
µ2R✳ ❉❛♥s ❧✬❛♣♣r♦①✐♠❛t✐♦♥ ❞❡s ❧♦❣❛r✐t❤♠❡s ❞♦♠✐♥❛♥ts ✭▲▲❆✮✱ αs ✈❛✉t ✿
αx(µ
2
R) =
12π
(33−Nf ) ln
(
µ2R/Λ
2
QCD
) , ✭✷✳✹✮
♦ù Nf ❡st ❧❡ ♥♦♠❜r❡ ❞❡ s❛✈❡✉rs✱ ΛQCD ❡st ✉♥ ♣❛r❛♠ètr❡ ❞✬é❝❤❡❧❧❡ ❧✐❜r❡ ❛②❛♥t ❧❛ ❞✐♠❡♥s✐♦♥
❞✬✉♥❡ ♠❛ss❡✳ ▲✬é❝❤❡❧❧❡ ❞❡ r❡♥♦r♠❛❧✐s❛t✐♦♥ µ2R ❡st ♣r✐s❡ é❣❛❧❡ à Q
2 ❞❛♥s ❧❡ ❝❛s ❞❡ ❧✬ét✉❞❡ ❞❡s
✷✳✷ ✲ ▼❡s✉r❡ ❡♥ ❝♦❧❧✐s✐♦♥s ep ❞❡ ❧❛ str✉❝t✉r❡ ❞✉ ♣r♦t♦♥ ✶✼
❢♦♥❝t✐♦♥s ❞❡ str✉❝t✉r❡✳ ❆✉① ♣❡t✐t❡s ✈❛❧❡✉rs ❞❡ µ2R✱ ❧❛ ❝♦♥st❛♥t❡ ❞❡ ❝♦✉♣❧❛❣❡ αs ❡st é❧❡✈é❡ ❡t
✐❧ ❡st ❛❧♦rs ✐♠♣♦ss✐❜❧❡ ❞✬❛♣♣❧✐q✉❡r ✉♥❡ ❛♣♣r♦❝❤❡ ♣❡rt✉r❜❛t✐✈❡ ❞❡ ❧❛ ◗❈❉✳ ❙❡❧♦♥ ❧❡ ♣r✐♥❝✐♣❡
❞✬✐♥❝❡rt✐t✉❞❡✱ ❝❡tt❡ ré❣✐♦♥ ❝♦rr❡s♣♦♥❞ à ❞❡ ❣r❛♥❞❡s ❞✐st❛♥❝❡s ❞❡ sé♣❛r❛t✐♦♥ ❡♥tr❡ ❧❡s ♣❛rt♦♥s
❡♥ ✐♥t❡r❛❝t✐♦♥✳ ❆✉① ❣r❛♥❞❡s ✈❛❧❡✉rs ❞❡ µ2R✱ ❞♦♥❝ ❛✉① très ♣❡t✐t❡s ❞✐st❛♥❝❡s✱ ❧❛ ❝♦♥st❛♥t❡ ❞❡
❝♦✉♣❧❛❣❡ αs ❞❡✈✐❡♥t ♣❡t✐t❡ ❡t ❧❡s q✉❛r❦s ❡t ❧❡s ❣❧✉♦♥s s♦♥t ❧✐❜r❡s ✭❧✐❜❡rté ❛s②♠♣t♦t✐q✉❡✮✳
❯♥❡ ❛♣♣r♦❝❤❡ ♣❡rt✉r❜❛t✐✈❡ ❡st ❛❧♦rs ♣♦ss✐❜❧❡✱ ❧✬♦r❞r❡ ③ér♦ ❝♦rr❡s♣♦♥❞❛♥t à ❧✬❛♣♣r♦①✐♠❛t✐♦♥
❞✉ ♠♦❞è❧❡ ♥❛ï❢ ❞❡s q✉❛r❦s✲♣❛rt♦♥s✳
❊♥ ❝♦♥s✐❞ér❛♥t ❧❡s t❡r♠❡s ❞✬♦r❞r❡ s✉♣ér✐❡✉r ♣❛r r❛♣♣♦rt ❛✉ ♠♦❞è❧❡ ❞❡s q✉❛r❦s✲♣❛rt♦♥s✱
❝✬❡st✲à✲❞✐r❡ ❧❡s ♣r♦❝❡ss✉s ❞❡ r❛❞✐❛t✐♦♥ ❞❡ ❣❧✉♦♥s✱ ❧✬é✈♦❧✉t✐♦♥ ❡♥ Q2 ❞❡s ❢♦♥❝t✐♦♥s ❞❡ ❞❡♥✲
s✐té ❞❡s q✉❛r❦s ❡t ❞❡s ❣❧✉♦♥s ❡st ♣ré❞✐t❡✱ ❞❛♥s ❧✬❛♣♣r♦①✐♠❛t✐♦♥ ❞❡s ❧♦❣❛r✐t❤♠❡s ❞♦♠✐✲
♥❛♥t✱ ♣❛r ❧❡s éq✉❛t✐♦♥s ❞❡ ❉♦❦s❤✐t③❡r✱ ●r✐❜♦✈✱ ▲✐♣❛t♦✈✱ ❆❧t❛r❡❧❧✐ ❡t P❛r✐s✐ ✭❞✐t❡s éq✉❛t✐♦♥s
❉●▲❆P✮ ❬●r✐✼✷✱ ▲✐♣✼✹✱ ❉♦❦✼✼✱ ❆❧t✼✼❪ ✿
∂qi(x,Q
2)
∂ logQ2
=
αs(Q
2)
2π
∫ 1
x
dξ
ξ
[
qi(ξ,Q
2)Pqq
(
x
ξ
)
+ g(ξ,Q2)Pqg
(
x
ξ
)]
,
∂g(x,Q2)
∂ logQ2
=
αs(Q
2)
2π
∫ 1
x
dξ
ξ
[
qi(ξ,Q
2)Pgq
(
x
ξ
)
+ g(ξ,Q2)Pgg
(
x
ξ
)]
, ✭✷✳✺✮
♦ù qi(x,Q
2) ❡t g(x,Q2) s♦♥t ❧❡s ❢♦♥❝t✐♦♥s ❞❡ ❞❡♥s✐té ❞❡s q✉❛r❦s ❡t ❞❡s ❣❧✉♦♥s✳ ▲❡s ❢♦♥❝✲
t✐♦♥s ❞✬❡♠❜r❛♥❝❤❡♠❡♥t ✭s♣❧✐tt✐♥❣ ❢✉♥❝t✐♦♥s✮ Pqq✱ Pqg✱ Pgq ❡t Pgg ❞é❝r✐✈❡♥t ❧❛ r❛❞✐❛t✐♦♥ ❞✬✉♥
♣❛rt♦♥ ❡t s♦♥t ❝❛❧❝✉❧❛❜❧❡s ♣❡rt✉r❜❛t✐✈❡♠❡♥t ❡♥ ◗❈❉✱ à ✉♥ ♦r❞r❡ ❞♦♥♥é ❡♥ αs(Q
2) ✭✈♦✐r
✜❣✉r❡ ✷✳✶✮✳
qq
gq
qg
zz
1−z1−z
PP gqqq (z)(z)
g
q
q
z
1−z
Pqg(z)
g
g
g
z
1−z
Pgg(z)
❋✐❣✉r❡ ✷✳✶ ✿ ❋♦♥❝t✐♦♥s ❞✬❡♠❜r❛♥❝❤❡♠❡♥t ❉●▲❆P à ❧✬♦r❞r❡ ❞♦♠✐♥❛♥t✳
✷✳✷ ▼❡s✉r❡ ❡♥ ❝♦❧❧✐s✐♦♥s ep ❞❡ ❧❛ str✉❝t✉r❡ ❞✉ ♣r♦t♦♥
▲❡s é✈é♥❡♠❡♥ts ❞✬✐♥t❡r❛❝t✐♦♥s ❉■❙ ♣❛r ❝♦✉r❛♥t ♥❡✉tr❡ ✭◆❈✮ ❡t ❝❤❛r❣é ✭❈❈✮ s♦♥t ❧❡s
♣❧✉s ✉t✐❧✐sés ♣♦✉r ❞ét❡r♠✐♥❡r ❧❛ str✉❝t✉r❡ ❞✉ ♣r♦t♦♥ à ❍❊❘❆ ❡t ♠❡s✉r❡r s❡s ❢♦♥❝t✐♦♥s ❞❡
str✉❝t✉r❡✳ ▲❡s é✈é♥❡♠❡♥ts ❞❡ t②♣❡ ❝♦✉r❛♥t ♥❡✉tr❡ ♦♥t ❝♦♠♠❡ s✐❣♥❛t✉r❡ ❞❛♥s ❧❡ ❞ét❡❝t❡✉r
✉♥ é❧❡❝tr♦♥ ❞✐✛✉sé ✭❧✬é❧❡❝tr♦♥ ✐♥❝✐❞❡♥t✮ ❡t ✉♥ ❥❡t ❞❡ ♣❛rt✐❝✉❧❡s ❤❛❞r♦♥✐q✉❡s✳ ❉❛♥s ❧❡s é✈é♥❡✲
♠❡♥ts ❞❡ t②♣❡ ❝♦✉r❛♥t ❝❤❛r❣é✱ s❡✉❧ ✉♥ ❥❡t ❞❡ ♣❛rt✐❝✉❧❡s ❤❛❞r♦♥✐q✉❡s ❡st ✈✐s✐❜❧❡✱ ❧❡ ♥❡✉tr✐♥♦
❞✐✛✉sé ♥✬ét❛♥t ❛❧♦rs ♣❛s ❞ét❡❝té✳ ▲❛ ✜❣✉r❡ ✷✳✷ ♣rés❡♥t❡ ❞❡✉① é✈é♥❡♠❡♥ts ◆❈ ❡t ❈❈ ❞❡
❣r❛♥❞ Q2 ♦❜s❡r✈és ❞❛♥s ❧❡ ❞ét❡❝t❡✉r ❛✈❡❝ ❍✶✳
✷✳✷✳✶ ▲❡s ✐♥t❡r❛❝t✐♦♥s ♣❛r ❝♦✉r❛♥t ♥❡✉tr❡
▲❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞❡ ❝♦✉r❛♥ts ♥❡✉tr❡s ♣❡✉t êtr❡ ❡①♣r✐♠é❡ ❝♦♥✈❡♥t✐♦♥♥❡❧❧❡♠❡♥t ❡♥
t❡r♠❡s ❞❡s ❢♦♥❝t✐♦♥s ❞❡ str✉❝t✉r❡ ✿
d2σ±NC
dxdQ2
=
2πα2
xQ4
(
Y+ F2 ∓ Y− xF3 − y2 FL
)
, ✭✷✳✻✮
✶✽ ❈❤❛♣✐tr❡ ✷ ✲ ▲❛ ♣ré❝✐s✐♦♥ ❞✉ ♠♦❞è❧❡ st❛♥❞❛r❞ ✿ ♠étr♦❧♦❣✐❡ ❞❡ ❧❛ str✉❝t✉r❡ ❞✉ ♣r♦t♦♥
Candidate from NC sample
Q
2
= 25030 GeV
2
; y = 0:56; M = 211 GeV
e
+
jet


E
t
/GeV
✭❛✮ ✭❜✮
❋✐❣✉r❡ ✷✳✷ ✿ ❊✈é♥❡♠❡♥ts t②♣✐q✉❡s ❞❡ ♣r♦❝❡ss✉s ◆❈ ✭❛✮ ❡t ❈❈ ✭❜✮ ❞❡ ❣r❛♥❞ Q2
❞❛♥s ❧❡ ❞ét❡❝t❡✉r ❍✶✳
♣♦✉r ❧❡s s❡❝t✐♦♥s ❡✣❝❛❝❡s e±p✱ ❛✈❡❝ Y± = 1 ± (1 − y2) ❞♦♥♥❛♥t ❧❛ ❞é♣❡♥❞❛♥❝❡ ❡♥ ❤é❧✐❝✐té
❞❡s ✐♥t❡r❛❝t✐♦♥s ❢❛✐❜❧❡s✱ ❡t ❡♥ ✐♥tr♦❞✉✐s❛♥t ❧❛ ❢♦♥❝t✐♦♥ ❞❡ str✉❝t✉r❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ FL =
F2−2xF1 q✉✐ ❡st ♥♦♥ ♥✉❧❧❡ ❞ès q✉❡ ❞❡s ❝♦rr❡❝t✐♦♥s ❞✬♦r❞r❡ αs s♦♥t ♣r✐s❡♥t ❡♥ ❝♦♥s✐❞ér❛t✐♦♥✳
▲✬✐♥tr♦❞✉❝t✐♦♥ ❞❡s ❢♦♥❝t✐♦♥s ❞❡ str✉❝t✉r❡ ❡st ✐♥❞é♣❡♥❞❛♥t❡ ❞❡ t♦✉t ♠♦❞è❧❡ ♦✉ ❤②♣♦t❤ès❡ s✉r
❧❛ str✉❝t✉r❡ ❞✉ ♣r♦t♦♥✳ ▲❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ré❞✉✐t❡ ❞❡ ❝♦✉r❛♥ts ♥❡✉tr❡s ❡st ❞é✜♥✐❡ ❝♦♠♠❡ ✿
σ±r,NC =
d2σ±NC
dxdQ2
xQ4
2πα2
1
Y+
= F2 ∓ Y−
Y+
xF3 − y
2
Y+
FL . ✭✷✳✼✮
▲❡s ❢♦♥❝t✐♦♥s ❞❡ str✉❝t✉r❡ F2 ❡t F3 ♣❡✉✈❡♥t êtr❡ ❡♥s✉✐t❡ ❞é❝♦♠♣♦sé❡s ❡♥ ❬❑❧❡✽✹❪ ✿
F2 = F
γ
2 − ve κ F γZ2 +
(
v2e + a
2
e
)
κ2 FZ2 ,
xF3 = −ae κ xF γZ3 + 2aeve κ2 xFZ3 , ✭✷✳✽✮
✭✷✳✾✮
♦ù κ ❡st ❧❡ ♣r♦♣❛❣❛t❡✉r ❞✉ ❜♦s♦♥ Z0 ✿
κ =
1
4 cos2 θW sin
2 θW
Q2
Q2 +M2Z
. ✭✷✳✶✵✮
▲❡s ✈❛r✐❛❜❧❡s ve ❡t ae s♦♥t ❧❡s ❝♦✉♣❧❛❣❡s ✈❡❝t❡✉r ❡t ❛①✐❛❧✲✈❡❝t❡✉r ❞❡ ❧✬é❧❡❝tr♦♥✱ ♦✉ ❞✉ ♣♦s✐tr♦♥✱
❛✉ Z0 ❬❆♠s✵✽❪✳ ▲❛ ❢♦♥❝t✐♦♥ ❞❡ str✉❝t✉r❡ é❧❡❝tr♦♠❛❣♥ét✐q✉❡ F γ2 ♣r♦✈✐❡♥t ❞❡ ❧✬é❝❤❛♥❣❡ ❞✉
♣❤♦t♦♥ ❡t ❞♦♠✐♥❡ ❞❛♥s ❧❛ ♣❧✉♣❛rt ❞❡ ❧✬❡s♣❛❝❡ ❞❡ ♣❤❛s❡ ❛❝❝❡ss✐❜❧❡✳ ▲❡s ❢♦♥❝t✐♦♥s FZ2 ❡t xF
Z
3
s♦♥t ❧❡s ❝♦♥tr✐❜✉t✐♦♥s à F2 ❡t xF3 ♣r♦✈❡♥❛♥t ❞❡ ❧✬é❝❤❛♥❣❡ ❞✉ Z
0 ❡t ❧❡s ❢♦♥❝t✐♦♥s F γZ2 ❡t
xF γZ3 s♦♥t ❧❡s ❝♦♥tr✐❜✉t✐♦♥s ❞❡ ❧✬✐♥t❡r❢ér❡♥❝❡ γZ
0✳ ❈❡s ❝♦♥tr✐❜✉t✐♦♥s ♥❡ s♦♥t s✐❣♥✐✜❝❛t✐✈❡
q✉✬à ❣r❛♥❞ Q2✳ P♦✉r ❞❡s ❧❡♣t♦♥s ✐♥❝✐❞❡♥ts ♥♦♥ ♣♦❧❛r✐sés ❧♦♥❣✐t✉❞✐♥❛❧❡♠❡♥t✱ ❧❛ ❝♦♥tr✐❜✉t✐♦♥
❞❡ F2 ❡st ❧❛ ♠ê♠❡ ♣♦✉r ❞❡s e
− ♦✉ e+ ✐♥❝✐❞❡♥ts✱ ❛❧♦rs q✉❡ ❧❛ ❝♦♥tr✐❜✉t✐♦♥ ❞❡ xF3 ❝❤❛♥❣❡ ❞❡
s✐❣♥❡ ✭✈♦✐r éq✉❛t✐♦♥ ✭✷✳✻✮✮✳ ▲❛ ❢♦♥❝t✐♦♥ ❞❡ str✉❝t✉r❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ FL ♣❡✉t êtr❡ ❞é❝♦♠♣♦sé❡
❞❡ ♠❛♥✐èr❡ s✐♠✐❧❛✐r❡ à F2✳ ❙❛ ❝♦♥tr✐❜✉t✐♦♥ ❡st s✐❣♥✐✜❝❛t✐✈❡ ✉♥✐q✉❡♠❡♥t à ❣r❛♥❞ y✳
❉❛♥s ❧❡ ♠♦❞è❧❡ ❞❡s q✉❛r❦s✲♣❛rt♦♥s✱ ❧❡s ❢♦♥❝t✐♦♥s ❞❡ str✉❝t✉r❡ F γ2 ✱ F
γZ
2 ❡t F
Z
2 s♦♥t r❡❧✐é❡s
à ❧❛ s♦♠♠❡ ❞❡s ❞✐str✐❜✉t✐♦♥s ❡♥ ♠♦♠❡♥t ❞❡s q✉❛r❦s ❡t ❛♥t✐q✉❛r❦s✱ xqi(x,Q
2) ❡t xq¯i(x,Q
2) ✿[
F γ2 , F
γZ
2 , F
Z
2
]
= x
∑
i
[
e2qi , 2eqivqi , v
2
qi
+ a2qi
]
(qi + q¯i) . ✭✷✳✶✶✮
▲❛ ❢♦♥❝t✐♦♥ ❞❡ str✉❝t✉r❡ F2 ❡st ❛✐♥s✐ ❞ét❡r♠✐♥é❡ ♣❛r ❧❛ s♦♠♠❡ ❞❡s ❞✐str✐❜✉t✐♦♥s ❞❡s q✉❛r❦s
❞❡ ✈❛❧❡♥❝❡ ❡t ❞❡ ❧❛ ♠❡r✳
▲❡s ❢♦♥❝t✐♦♥s ❞❡ str✉❝t✉r❡ xF γZ3 ❡t xF
Z
3 s♦♥t q✉❛♥t à ❡❧❧❡s r❡❧✐é❡s à ❧❛ ❞✐✛ér❡♥❝❡ ❞❡s
❞✐str✐❜✉t✐♦♥s ❞✬✐♠♣✉❧s✐♦♥ ❞❡s q✉❛r❦s ❡t ❛♥t✐q✉❛r❦s✱ q✉✐ ❞ét❡r♠✐♥❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s q✉❛r❦s
✷✳✷ ✲ ▼❡s✉r❡ ❡♥ ❝♦❧❧✐s✐♦♥s ep ❞❡ ❧❛ str✉❝t✉r❡ ❞✉ ♣r♦t♦♥ ✶✾
❞❡ ✈❛❧❡♥❝❡ xqv(x,Q
2) ✿[
xF γZ3 , xF
Z
3
]
= 2x
∑
i
[eqiaqi , vqiaqi ] (qi − q¯i) = 2x
∑
q=u,d
[eqaq, vqaq] qv , ✭✷✳✶✷✮
♦ù ❧❡s ✈❛r✐❛❜❧❡s vqi ❡t aqi s♦♥t ❧❡s ❝♦✉♣❧❛❣❡s ✈❡❝t❡✉r ❡t ❛①✐❛❧✲✈❡❝t❡✉r ❞❡s q✉❛r❦s ❛✉ Z
0✳
✷✳✷✳✷ ▲❡s ✐♥t❡r❛❝t✐♦♥s ♣❛r ❝♦✉r❛♥t ❝❤❛r❣é
▲❡s ✐♥t❡r❛❝t✐♦♥s ♣❛r ❝♦✉r❛♥t ❝❤❛r❣é✱ e±p → ν✭ ✮eX✱ s❡ ❢♦♥t ♣❛r ❧✬é❝❤❛♥❣❡ ❞✬✉♥ ❜♦s♦♥ W
❡♥ ✈♦✐❡ t✳ ▲❡✉r s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞✐✛ér❡♥t✐❡❧❧❡ ♣❡✉t êtr❡ ♣❛r❛♠étré❡ ❛✈❡❝ ✿
d2σ±CC(e
±p)
dxdQ2
=
G2F
2πx
[
M2W
M2W +Q
2
]2
σ±r,CC(x,Q
2) , ✭✷✳✶✸✮
✭✷✳✶✹✮
♦ù GF ❡st ❧❛ ❝♦♥st❛♥t❡ ❞❡ ❋❡r♠✐ ❡t MW ❧❛ ♠❛ss❡ ❞✉ ❜♦s♦♥ W ✳ ▲❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ré❞✉✐t❡
σr s✬❡①♣r✐♠❡ ❛✈❡❝ ❧❡s ❢♦♥❝t✐♦♥s ❞❡ str✉❝t✉r❡ ❞❡ ❝♦✉r❛♥t ❝❤❛r❣é W2✱ xW3 ❡t WL ✿
σ±r,CC(x,Q
2) =
1
2
[
Y+W
±
2 (x,Q
2)∓ Y−xW±3 (x,Q2)− y2W±L (x,Q2)
]
. ✭✷✳✶✺✮
❉❛♥s ❧❡ ♠♦❞è❧❡ ❞❡s q✉❛r❦s✲♣❛rt♦♥s✱ W±L = 0 ❡t ❧❡s ❢♦♥❝t✐♦♥s ❞❡ str✉❝t✉r❡ W
±
2 ❡t xW
±
3
♣❡✉✈❡♥t êtr❡ ✐♥t❡r♣rété❡s ❝♦♠♠❡ ❞❡s s♦♠♠❡s ❡t ❞✐✛ér❡♥❝❡s ❞❡ ❞✐str✐❜✉t✐♦♥s ❞❡ q✉❛r❦s ❡t
❛♥t✐q✉❛r❦s✱ ❞é♣❡♥❞❛♥t ❞❡ ❧❛ ❝❤❛r❣❡ ❞✉ ❧❡♣t♦♥ ✿
W+2 = x(U +D), xW
+
3 = x(D − U) ,
W−2 = x(U +D), xW
−
3 = x(U −D) . ✭✷✳✶✻✮
▲❡s t❡r♠❡s xU ✱ xD✱ xU ❡t xD s♦♥t ❞é✜♥✐s ❝♦♠♠❡ ❧❛ s♦♠♠❡ ❞❡s ❞✐str✐❜✉t✐♦♥s ❞❡ q✉❛r❦s ❞❡
t②♣❡ u✱ ❞❡ t②♣❡ d ❡t ❞❡ ❧❡✉rs ❛♥t✐q✉❛r❦s✳ ❙♦✉s ❧❡ s❡✉✐❧ ❞❡ ❧❛ ♠❛ss❡ ❞✉ q✉❛r❦ b✱ ♥♦✉s ❛✈♦♥s
❛❧♦rs ✿
xU = x(u+ c) ❡t xU = x(u+ c) , ✭✷✳✶✼✮
xD = x(d+ s) ❡t xD = x(d+ s) . ✭✷✳✶✽✮
◆♦✉s ♣♦✉✈♦♥s ❞é❞✉✐r❡ ❞❡s éq✉❛t✐♦♥s ✭✷✳✶✺✮ ❡t ✭✷✳✶✻✮ ✿
σ+r,CC = xU + (1− y)2xD ❡t σ−r,CC = xU + (1− y)2xD . ✭✷✳✶✾✮
❆✐♥s✐✱ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❈❈ ❡st ❜✐❡♥ ♣❧✉s ❣r❛♥❞❡ ❡♥ ❝♦❧❧✐s✐♦♥s e−p q✉❡ ❡♥ e+p✱ U ét❛♥t
♣❧✉s ❣r❛♥❞ q✉❡ D q✉❛♥❞ x ♥✬❡st ♣❛s tr♦♣ ♣❡t✐t ❡t ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ e+p ❡st✱ ❡❧❧❡✱ ré❞✉✐t❡
♣❛r ❧❡ ❢❛❝t❡✉r ❝✐♥é♠❛t✐q✉❡ (1 − y)2✳ ◆♦✉s ✈♦②♦♥s ❛✉ss✐ q✉❡ ❧❡s ✐♥t❡r❛❝t✐♦♥s ❈❈ ❛♣♣♦rt❡♥t
✉♥❡ ✐♥❢♦r♠❛t✐♦♥ ✐♠♣♦rt❛♥t❡ ♣♦✉r sé♣❛r❡r ❧❡s ❞✐str✐❜✉t✐♦♥s ❞❡ q✉❛r❦s ❞❡ t②♣❡s u ❡t d ❞❛♥s
❧❡ ♣r♦t♦♥✳
✷✳✷✳✸ ▼❡s✉r❡s ❡①♣ér✐♠❡♥t❛❧❡s
▲❡s s❡❝t✐♦♥s ❡✣❝❛❝❡s ❞❡ ◆❈ ❡t ❈❈ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ Q2✱ ♠❡s✉ré❡s ♣❛r ❍✶ ❡t ❩❊❯❙ ❡♥
❝♦❧❧✐s✐♦♥ e±p✱ s♦♥t r❡♣rés❡♥té❡s ❞❛♥s ❧❛ ✜❣✉r❡ ✷✳✸✳ ❈❡s ♠❡s✉r❡s ✐♥❝❧✉❡♥t ❧✬❡♥s❡♠❜❧❡ ❞❡s
❞♦♥♥é❡s r❡♥❞✉❡s ♣✉❜❧✐q✉❡ ♣❛r ❧❡s ❞❡✉① ❝♦❧❧❛❜♦r❛t✐♦♥s✳ ❆ ❜❛s Q2✱ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞❡ ◆❈✱
❞♦♠✐♥é❡ ♣❛r ❧✬✐♥t❡r❛❝t✐♦♥ é❧❡❝tr♦♠❛❣♥ét✐q✉❡✱ ❡st ♣❧✉s ❣r❛♥❞❡ ❞❡ ❞❡✉① ♦r❞r❡s ❞❡ ❣r❛♥❞❡✉r
✷✵ ❈❤❛♣✐tr❡ ✷ ✲ ▲❛ ♣ré❝✐s✐♦♥ ❞✉ ♠♦❞è❧❡ st❛♥❞❛r❞ ✿ ♠étr♦❧♦❣✐❡ ❞❡ ❧❛ str✉❝t✉r❡ ❞✉ ♣r♦t♦♥
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p CC 03-04 (prel.)+H1 e
p CC 2005 (prel.)-H1 e
p CC 2004+ZEUS e
p CC 04-06-ZEUS e
p CC (HERAPDF 0.1)+SM e
p CC (HERAPDF 0.1)-SM e
p NC 94-07 (prel.)+H1 e
p NC 94-07 (prel.)-H1 e
p NC 06-07 (prel.)+ZEUS e
p NC 05-06-ZEUS e
p NC (HERAPDF 0.1)+SM e
p NC (HERAPDF 0.1)-SM e
..y < 0.9
 = 0eP
HERA I & II
❋✐❣✉r❡ ✷✳✸ ✿ ❙❡❝t✐♦♥s
❡✣❝❛❝❡s ❞❡ ❝♦✉r❛♥ts
♥❡✉tr❡s ❡t ❝❤❛r❣és ❡♥
❢♦♥❝t✐♦♥ ❞❡ Q2✱ ♠❡s✉✲
ré❡s à ❍❊❘❆✳
q✉❡ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❈❈✱ q✉✐ ❝♦rr❡s♣♦♥❞ q✉❛♥t à ❡❧❧❡ à ✉♥❡ ✐♥t❡r❛❝t✐♦♥ ❢❛✐❜❧❡ ♣✉r❡✳ ❆
❣r❛♥❞ Q2 ✭Q2 ∼ M2W,Z✮✱ ♣❛r ❝♦♥tr❡✱ ❧❡s ❞❡✉① s❡❝t✐♦♥s ❡✣❝❛❝❡s s♦♥t s✐♠✐❧❛✐r❡s✱ ❞é♠♦♥tr❛♥t
❛✐♥s✐ ❧✬✉♥✐✜❝❛t✐♦♥ ❞❡s ✐♥t❡r❛❝t✐♦♥s é❧❡❝tr♦♠❛❣♥ét✐q✉❡s ❡t ❢❛✐❜❧❡s✳
▲❡s ♣❧✉s ❣r❛♥❞s Q2 ♠❡s✉rés ❝♦rr❡s♣♦♥❞❡♥t à ✉♥❡ rés♦❧✉t✐♦♥ ❞❡ ❧✬♦r❞r❡ ❞❡ 10−18 ♠✱ s♦✐t
1/1000 ❞❡ ❧❛ t❛✐❧❧❡ ❞✉ ♣r♦t♦♥✳
▲❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ré❞✉✐t❡ ❞❡ ❝♦✉r❛♥ts ❝❤❛r❣és σr,CC(x,Q
2) ❡st r❡♣rés❡♥té❡ ❞❛♥s ❧❛
✜❣✉r❡ ✷✳✹✳ ▲❡s ♣r♦❝❡ss✉s ❈❈ s♦♥t s❡♥s✐❜❧❡s ❛✉① ❞✐✛ér❡♥t❡s s❛✈❡✉rs ❞❡ q✉❛r❦s ❞❛♥s ❧❡ ♣r♦t♦♥✳
❈❡❝✐ ❡st ♣❛rt✐❝✉❧✐èr❡♠❡♥t ✈✐s✐❜❧❡ à ❣r❛♥❞ Q2✱ ♦ù ❧❡s ❝♦❧❧✐s✐♦♥s e+p s♦♥❞❡♥t ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡
q✉❛r❦s d✱ ❛❧♦rs q✉❡ ❧❡s ❝♦❧❧✐s✐♦♥s e−p s♦♥t ♣❧✉s s❡♥s✐❜❧❡s à ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ q✉❛r❦s u✳ ❈❡tt❡
♣r♦♣r✐été ❞❡s ❈❈ ❡st très ✐♥tér❡ss❛♥t❡✱ ❡♥ ❝♦♠♣❧é♠❡♥t ❞❡s ✐♥t❡r❛❝t✐♦♥s ◆❈ ♦ù ❧❡ ♣♦✉✈♦✐r
sé♣❛r❛t❡✉r ❞❡s ❞✐✛ér❡♥t❡s s❛✈❡✉rs ❞❡ q✉❛r❦s ❡st ♣❧✉s ❢❛✐❜❧❡✳
✷✳✷✳✹ ❉ét❡r♠✐♥❛t✐♦♥ ❞❡s ❢♦♥❝t✐♦♥s ❞❡ str✉❝t✉r❡
❆ ❍❊❘❆✱ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞❡ ◆❈ ❡st ❞♦♠✐♥é❡ s✉r ✉♥ ❧❛r❣❡ ❞♦♠❛✐♥❡ ♣❛r ❧❛ ❝♦♥tr✐❜✉t✐♦♥
❞❡ F2 ✭éq✉❛t✐♦♥ ✭✷✳✻✮✮✳ ❙❛ ♠❡s✉r❡ ♣❡r♠❡t ❞♦♥❝ ❞✬❛❝❝é❞❡r ❞✐r❡❝t❡♠❡♥t à F2✳ ❈❡❝✐ ❡st ✐❧❧✉stré
♣❛r ❧❛ ✜❣✉r❡ ✷✳✺✱ q✉✐ r❡♣rés❡♥t❡ ❞❛♥s ❧❡ ♣❧❛♥ ✭x✱Q2✮✱ ❧✬❡♥s❡♠❜❧❡ ❞❡s ♠❡s✉r❡s ❞❡ ❧❛ s❡❝t✐♦♥
❡✣❝❛❝❡ ré❞✉✐t❡ ❞❡ ◆❈ σr,NC(x,Q2)✱ éq✉✐✈❛❧❡♥t❡ à F2 s✐ ❧❡s ❝♦♥tr✐❜✉t✐♦♥s✱ ❢❛✐❜❧❡s✱ ❞❡ xF3
❡t FL s♦♥t ♥é❣❧✐❣é❡s✱ rés✉❧t❛♥t ❞❡ ❧❛ ❝♦♠❜✐♥❛✐s♦♥ ❞❡s ❞♦♥♥é❡s ❞❡ ❍✶ ❡t ❞❡ ❩❊❯❙ ❞❡ ❧❛
♣❤❛s❡ ❍❊❘❆ ■ ❛✐♥s✐ q✉❡ ❞❡s ♠❡s✉r❡s ❛♥tér✐❡✉r❡s ❡✛❡❝t✉é❡s s✉r ❝✐❜❧❡ ✜①❡✳ ◆♦✉s ♣♦✉✈♦♥s
❛❧♦rs ♦❜s❡r✈❡r ❧✬✐♥✈❛r✐❛♥❝❡ ❞✬é❝❤❡❧❧❡ ❞❡ ❇❥♦r❦❡♥ ❞❛♥s ❧❛ ré❣✐♦♥ x ≃ 0.1 − 0.2✱ ❛✐♥s✐ q✉❡ s❛
✈✐♦❧❛t✐♦♥ é✈✐❞❡♥t❡ ✈❡rs ❧❡s ♣❧✉s ❜❛s x✱ q✉✐ ♣r♦✈✐❡♥t ❞❡ ❧❛ ❝♦♥tr✐❜✉t✐♦♥ ❛❧♦rs ❣r❛♥❞✐ss❛♥t❡
❞❡s ❣❧✉♦♥s✳ ❈❡tt❡ ✜❣✉r❡ ♠♦♥tr❡ é❣❛❧❡♠❡♥t q✉❡ ❧❡s ❞♦♥♥é❡s ❞❡ ❍❊❘❆ ♦♥t ♣❡r♠✐s ❞✬ét❡♥❞r❡
❝♦♥s✐❞ér❛❜❧❡♠❡♥t ❧❡ ❞♦♠❛✐♥❡ ❡♥ ✭x✱Q2✮ s♦♥❞é ❡t ❞❡ ré❛❧✐s❡r ❛✐♥s✐ ✉♥❡ ✈ér✐t❛❜❧❡ ❝❛rt♦❣r❛♣❤✐❡
❞❡ ♣ré❝✐s✐♦♥ ❞✉ ❝♦♥t❡♥✉ ❡♥ ✐♠♣✉❧s✐♦♥ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❞✉ ♣r♦t♦♥✳ ▲❛ ❧❛r❣❡ ❣❛♠♠❡ ❞❡ ✈❛❧❡✉rs ❞❡
Q2 ❛❝❝❡ss✐❜❧❡ ♣❡r♠❡t é❣❛❧❡♠❡♥t ❞❡ t❡st❡r ❛✈❡❝ ✉♥❡ ❣r❛♥❞❡ ♣ré❝✐s✐♦♥ ❧❡s éq✉❛t✐♦♥s ❉●▲❆P✳
▲❛ ❢♦♥❝t✐♦♥ ❞❡ str✉❝t✉r❡ xF3 ♣❡✉t êtr❡ ♦❜t❡♥✉❡ ❡♥ ❢❛✐s❛♥t ❧❛ s♦✉str❛❝t✐♦♥ ❞❡s s❡❝t✐♦♥s
✷✳✷ ✲ ▼❡s✉r❡ ❡♥ ❝♦❧❧✐s✐♦♥s ep ❞❡ ❧❛ str✉❝t✉r❡ ❞✉ ♣r♦t♦♥ ✷✶
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❡✣❝❛❝❡ ré❞✉✐t❡ ❞❡ ❝♦✉✲
r❛♥ts ♥❡✉tr❡s ❡t ❝❤❛r✲
❣és ❡♥ ❢♦♥❝t✐♦♥ ❞❡ x ❡t
❞❡ Q2✳
❡✣❝❛❝❡s ◆❈ ❞❡ ❝♦❧❧✐s✐♦♥s e+p ❡t e−p✱ ♥♦♥ ♣♦❧❛r✐sé❡s ✭✈♦✐r éq✉❛t✐♦♥ ✭✷✳✼✮✮ ✿
xF3 =
Y+
2Y−
[
σ−r,NC(x,Q
2)− σ+r,NC(x,Q2)
]
.
❈♦♠♠❡ ❧❡ ❝♦✉♣❧❛❣❡ ✈❡❝t❡✉r ❞❡ ❧✬é❧❡❝tr♦♥✱ ve✱ ❡st ❢❛✐❜❧❡✱ ❧❛ ❝♦♥tr✐❜✉t✐♦♥ ❞♦♠✐♥❛♥t❡ à xF3
♣r♦✈✐❡♥t ❞❡ ❧✬✐♥t❡r❢ér❡♥❝❡ γZ ✭✈♦✐r éq✉❛t✐♦♥ ✭✷✳✾✮✮✳ ❊♥ ◗❈❉ ♣❡rt✉r❜❛t✐✈❡✱ à ❧✬♦r❞r❡ ❞♦♠✐✲
♥❛♥t ▲❖✱ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ str✉❝t✉r❡✱ xF γZ3 ✱ ♣❡✉t s✬é❝r✐r❡ ✿
xF γZ3 = 2x[euau(U − U) + edad(D −D)] . ✭✷✳✷✵✮
✷✷ ❈❤❛♣✐tr❡ ✷ ✲ ▲❛ ♣ré❝✐s✐♦♥ ❞✉ ♠♦❞è❧❡ st❛♥❞❛r❞ ✿ ♠étr♦❧♦❣✐❡ ❞❡ ❧❛ str✉❝t✉r❡ ❞✉ ♣r♦t♦♥
▲❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡ xF3 ❡st ❞♦♥❝ ✉♥❡ ♠❡s✉r❡ ❞✐r❡❝t❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s q✉❛r❦s ❞❡
✈❛❧❡♥❝❡✳ ❙❛ ♠❡s✉r❡ ❛♣♣♦rt❡ ❛✉ss✐ ✉♥❡ ✐♥❢♦r♠❛t✐♦♥ s✉r ❧❡s ❝♦✉♣❧❛❣❡s ❛①✐❛❧✲✈❡❝t❡✉rs ❞❡s q✉❛r❦s
❧é❣❡rs ❛✉ Z0 ✭au✱ ad✮✱ ❛✐♥s✐ q✉❡ s✉r ❧❡s ❝❤❛r❣❡s é❧❡❝tr✐q✉❡s ❞❡s q✉❛r❦s ✭eu✱ ed✮✳
❈♦♠♠❡ s❡✉❧❡s ❧❡s ✐♥t❡r❛❝t✐♦♥s ◆❈ à ❣r❛♥❞ Q2 s♦♥t s❡♥s✐❜❧❡s à xF γZ3 ✱ ❧❛ ♣ré❝✐s✐♦♥ ❞❡
❧❛ ♠❡s✉r❡ ❡✛❡❝t✉é❡ ❧♦rs ❞❡ ❧❛ ♣❤❛s❡ ❍❊❘❆ ■ ét❛✐t ❧✐♠✐té❡ ♣❛r ❧❛ st❛t✐st✐q✉❡ ❞✐s♣♦♥✐❜❧❡✱ ❡t
♣r✐♥❝✐♣❛❧❡♠❡♥t ♣❛r ❧❡ ❢❛✐❜❧❡ ❧♦t ❞❡ ❞♦♥♥é❡s e−p ✭∼ 15 ♣❜−1✮✳ ▲❡ ❧♦t ✐♠♣♦rt❛♥t ❞❡ ❞♦♥♥é❡s
e−p ❡♥r❡❣✐stré❡s ❧♦rs ❞❡ ❧❛ ♣❤❛s❡ ❍❊❘❆ ■■ ❛ ❞♦♥❝ ♣❡r♠✐s ❞✬❛♠é❧✐♦r❡r ❧❛ ♣ré❝✐s✐♦♥ st❛t✐st✐q✉❡
❞❡ ❧❛ ♠❡s✉r❡ ❞❡ xF γZ3 ✳ ▲❛ ♠❡s✉r❡ ré❛❧✐sé❡ ♣❛r ❍✶ à ♣❛rt✐r ❞❡s ❞♦♥♥é❡s ❞❡ 1997 à 2005 ❡st
r❡♣rés❡♥té❡ ❞❛♥s ❧❛ ✜❣✉r❡ ✷✳✻✭❛✮✳ ▲❛ ♠❡s✉r❡ ❡st ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❛ ♣ré❞✐❝t✐♦♥ ❞✉ ♠♦❞è❧❡
st❛♥❞❛r❞ ✉t✐❧✐s❛♥t ❧❡s ❞❡♥s✐tés ❞❡ ♣❛rt♦♥s ❞ét❡r♠✐♥é❡s ♣❛r ❍✶ à ♣❛rt✐r ❞❡s ❞♦♥♥é❡s ❍❊❘❆ ■✳
▲❛ ♣ré❝✐s✐♦♥ ❞❡ ❧❛ ♠❡s✉r❡ r❡st❡ ❝❡♣❡♥❞❛♥t ❡♥❝♦r❡ ❧✐♠✐té❡ ♣❛r ❧❛ st❛t✐st✐q✉❡ ❞❡ ❞♦♥♥é❡s
❞✐s♣♦♥✐❜❧❡s✳ ▲❡ rés✉❧t❛t ♦❜t❡♥✉ ❡♥s✉✐t❡ ❡♥ ❝♦♠❜✐♥❛♥t ❧❡s ❞♦♥♥é❡s ❞❡ ❍✶ ❡t ❞❡ ❩❊❯❙ ❡st
♣rés❡♥té ❞❛♥s ❧❛ ✜❣✉r❡ ✷✳✻✭❜✮✳ ■❧ s✬❛❣✐t ❞❡ ❧❛ ♠❡s✉r❡ ❞❡ xF3 ❧❛ ♣❧✉s ♣ré❝✐s❡ ré❛❧✐sé❡ à ❝❡ ❥♦✉r✳
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✭❜✮
❋✐❣✉r❡ ✷✳✻ ✿ ✭❛✮ ❋♦♥❝t✐♦♥ ❞❡ str✉❝t✉r❡ xF γZ3 ♠❡s✉ré❡ ♣❛r ❍✶ à ❞✐✛ér❡♥t❡s ✈❛✲
❧❡✉rs ❞❡ Q2 ❡t tr❛♥s❢♦r♠é❡ à Q2 = 1500 ●❡❱2✳ ✭❜✮ xF γZ3 ♠❡s✉ré❡ ❡♥ ❝♦♠❜✐♥❛♥t
❧❡s ❞♦♥♥é❡s ❞❡ ❍✶ ❡t ❞❡ ❩❊❯❙✳
▲❛ ❢♦♥❝t✐♦♥ ❞❡ str✉❝t✉r❡ FL ❡st ❣é♥ér❛❧❡♠❡♥t ✉♥❡ ❢❛✐❜❧❡ ❝♦rr❡❝t✐♦♥ ✈✐s✐❜❧❡ s❡✉❧❡♠❡♥t à
❣r❛♥❞ y✳ P❛r ❞é✜♥✐t✐♦♥✱ FL ❝♦♥t✐❡♥t ❧❛ ❞é✈✐❛t✐♦♥ à ❧❛ r❡❧❛t✐♦♥ ❞❡ ❈❛❧❧❛♥✲●r♦ss ❡t ❡❧❧❡ ❡st
♥✉❧❧❡ ❞❛♥s ❧❡ ♠♦❞è❧❡ ♥❛ï❢ ❞❡s q✉❛r❦s✲♣❛rt♦♥s✳ ■❧ ❛ été ♠♦♥tré q✉❡ FL ❡st ❞✐r❡❝t❡♠❡♥t r❡❧✐é❡
à ❧❛ ❞❡♥s✐té ❞❡ ❣❧✉♦♥s ❞❛♥s ❧❡ ♣r♦t♦♥ ❬❆❧t✼✽✱ ❈❙✽✽❪✿
xg(x) = 1.8
[
3π
2αs
FL(0.4x)− F2(0.8x)
]
≃ 8.3
αs
FL . ✭✷✳✷✶✮
❆✐♥s✐✱ à ❜❛s x✱ ❧❛ ♠❡s✉r❡ ❞❡ FL ♣❡r♠❡t ✉♥❡ ♠❡s✉r❡ q✉❛s✐✲❞✐r❡❝t❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡
❣❧✉♦♥s✳
❈♦♠♠❡ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞❡ ❝♦✉r❛♥ts ♥❡✉tr❡s d
2σNC
dxdQ2
❡st ♣r♦♣♦rt✐♦♥❡❧❧❡ à F2− y2FL/Y+
✭✈♦✐r éq✉❛t✐♦♥ ✭✷✳✻✮✮✱ ✉♥❡ ♠❡s✉r❡ ❞✐r❡❝t❡ ❞❡ FL r❡q✉✐èr❡ ❧❛ ♠❡s✉r❡ ❞❡
d2σNC
dxdQ2
à ♣❧✉s✐❡✉rs
✈❛❧❡✉rs ❞❡ y ❡t à x ❡t Q2 ✜①és✳ ▲❡s ❝♦♥tr✐❜✉t✐♦♥s ❞❡ F2 ❡t FL ♣❡✉✈❡♥t ❛❧♦rs êtr❡ sé♣❛ré❡s✳
❈❡❝✐ ♣❡✉t êtr❡ ré❛❧✐sé ❡♥ ✈❛r✐❛♥t ❧✬é♥❡r❣✐❡
√
s ❞❛♥s ❧❡ ❝❡♥tr❡ ❞❡ ♠❛ss❡ ❞❡ ❧❛ ❝♦❧❧✐s✐♦♥✱ ❝❡ q✉✐
✷✳✷ ✲ ▼❡s✉r❡ ❡♥ ❝♦❧❧✐s✐♦♥s ep ❞❡ ❧❛ str✉❝t✉r❡ ❞✉ ♣r♦t♦♥ ✷✸
♥é❝❡ss✐t❡ ❞❡ ✈❛r✐❡r✱ ♣❛r ❡①❡♠♣❧❡✱ ❧✬é♥❡r❣✐❡ ❞✉ ❢❛✐s❝❡❛✉ ❞❡ ♣r♦t♦♥s✳ ❆✐♥s✐✱ ❞✉r❛♥t ❧❡s tr♦✐s
❞❡r♥✐❡rs ♠♦✐s ❞❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡ ❍❊❘❆✱ ❧✬é♥❡r❣✐❡ ❞✉ ❢❛✐s❝❡❛✉ ❞❡ ♣r♦t♦♥s ❛ été ❛❜❛✐ssé❡
à 460 ❡t 575 ●❡❱✳ ▲❡s ❞♦♥♥é❡s ❛❧♦rs ❛❝❝✉♠✉❧é❡s✱ ❝♦♠❜✐♥é❡s à ❝❡❧❧❡s ♣r✐s❡s à 920 ●❡❱✱
♦♥t ♣❡r♠✐s ❞❡ ♠❡s✉r❡r ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ d
2σNC
dxdQ2
à ❞❡✉① ♦✉ tr♦✐s ✈❛❧❡✉rs ❞✐✛ér❡♥t❡s ❞❡ y ❡t
❞✬❡①tr❛✐r❡ ❛✐♥s✐ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ str✉❝t✉r❡ FL✳ ■❧ s✬❛❣✐t ❞❡ ❧❛ ♣r❡♠✐èr❡ ♠❡s✉r❡ ❞✐r❡❝t❡ ❞❡ FL
❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡s ❜❛s x✳ ▲❛ ♠❡s✉r❡ ❧❛ ♣❧✉s ♣ré❝✐s❡✱ ❡✛❡❝t✉é❡ ♣❛r ❧❛ ❝♦❧❧❛❜♦r❛t✐♦♥ ❍✶✱ ❡st
♣rés❡♥té❡ ❞❛♥s ❧❛ ✜❣✉r❡ ✷✳✼✳
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❋✐❣✉r❡ ✷✳✼ ✿ ❋♦♥❝✲
t✐♦♥ ❞❡ str✉❝t✉r❡ ❧♦♥✲
❣✐t✉❞✐♥❛❧❡ FL ♠❡s✉✲
ré❡ ♣❛r ❍✶ ❡t ❝♦♠✲
♣❛ré❡ ❛✉① ♣ré❞✐❝t✐♦♥s
❞❡ ❞✐✛ér❡♥t❡s ❞✐str✐❜✉✲
t✐♦♥s ❞❡ ♣❛rt♦♥s✳
✷✳✷✳✺ ❉ét❡r♠✐♥❛t✐♦♥ ❞❡s ❞❡♥s✐tés ❞❡ ♣❛rt♦♥s
▲❡s ♠❡s✉r❡s ❞❡ s❡❝t✐♦♥s ❡✣❝❛❝❡s ❞❡ ◆❈ ❡t ❞❡ ❈❈ s♦♥t ❡ss❡♥t✐❡❧❧❡♠❡♥t ✉t✐❧✐sé❡s ♣♦✉r
❞ét❡r♠✐♥❡r✱ à ❧✬❛✐❞❡ ❞✬✉♥ ❛❥✉st❡♠❡♥t ❣❧♦❜❛❧✱ ❧❡s ❞❡♥s✐tés ❞❡ ♣❛rt♦♥s ❞✉ ♣r♦t♦♥✱ ❛❧♦rs ♣❛r❛♠é✲
tré❡s ♣❛r ❞❡s ❢♦♥❝t✐♦♥s ❞❡ ❞✐str✐❜✉t✐♦♥s ✭P❉❋✮✳ ▲❛ ❢♦r♠❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ x ❞❡s ❞✐str✐❜✉t✐♦♥s
❞❡ q✉❛r❦s ❡t ❞❡ ❣❧✉♦♥s ❞❛♥s ❧❡ ♣r♦t♦♥ ♥❡ ♣❡✉t êtr❡ ♦❜t❡♥✉❡ ♣❛r ✉♥❡ ❛♣♣r♦❝❤❡ ♣✉r❡♠❡♥t
t❤é♦r✐q✉❡ ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧❛ ◗❈❉✳ ❊❧❧❡s ❞♦✐✈❡♥t ❞♦♥❝ êtr❡ ❞❡✈✐♥é❡s ❡t ♣❛r❛♠étré❡s ❡♥
❢♦♥❝t✐♦♥ ❞❡ x✱ à ✉♥❡ é❝❤❡❧❧❡ ❞♦♥♥é❡ Q20✳ ❈❡s ❞✐str✐❜✉t✐♦♥s ✐♥✐t✐❛❧❡s q(x,Q
2
0) ❡t g(x,Q
2
0)
♣❡✉✈❡♥t ❡♥s✉✐t❡ êtr❡ é✈♦❧✉é❡s à ♥✬✐♠♣♦rt❡ q✉❡❧❧❡ ✈❛❧❡✉r ♠❡s✉ré❡ ❞❡ x ❡t ❞❡ Q2✱ ❡♥ ✉t✐❧✐s❛♥t
❧❡s éq✉❛t✐♦♥s ❉●▲❆P✳ ▲❡ ♥♦♠❜r❡ t♦t❛❧ ❞❡ ♣❛r❛♠ètr❡s ✉t✐❧✐sés ♣♦✉r ❞é❝r✐r❡ ❝❡s ❞✐str✐❜✉✲
t✐♦♥s ✐♥✐t✐❛❧❡s ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ 10✳ ■❧ ❡st ❜✐❡♥ ✐♥❢ér✐❡✉r ❛✉ ♥♦♠❜r❡ ❞❡ ♣♦✐♥ts ❞❡ ♠❡s✉r❡✱ ❞❡
❧✬♦r❞r❡ ❞❡ ♣❧✉s✐❡✉rs ❝❡♥t❛✐♥❡s✳ ❯♥ ❛❥✉st❡♠❡♥t ❣❧♦❜❛❧ ♣❛r ♠✐♥✐♠✐s❛t✐♦♥ ❞❡ χ2 ♣❡✉t ❛❧♦rs êtr❡
ré❛❧✐sé ♣♦✉r ❞ét❡r♠✐♥❡r ❝❡s ♣❛r❛♠ètr❡s✳ ❈❡t ❛❥✉st❡♠❡♥t✱ ♣❛r s♦♥ ❢❛✐❜❧❡ ♥♦♠❜r❡ ❞❡ ❞❡❣rés
❞❡ ❧✐❜❡rté✱ ❝♦♥st✐t✉❡ ❛❧♦rs ✉♥ ♣✉✐ss❛♥t t❡st ❞❡ ◗❈❉ ❡t ❞❡s éq✉❛t✐♦♥s ❉●▲❆P✳ ❯♥ ❡①❡♠♣❧❡
❞❡ P❉❋s ♦❜t❡♥✉❡s ♣❛r ✉♥ ❛❥✉st❡♠❡♥t ré❛❧✐sé s✉r ❧❡s ❞♦♥♥é❡s ❍❊❘❆ ■ ❝♦♠❜✐♥é❡s ❞❡ ❍✶ ❡t
❞❡ ❩❊❯❙ ❡st ♣rés❡♥té ❞❛♥s ❧❛ ✜❣✉r❡ ✷✳✽✳ ◆♦✉s ♦❜s❡r✈♦♥s q✉❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s q✉❛r❦s ❞❡
✈❛❧❡♥❝❡ ❡st ❜✐❡♥ ♣✐q✉é❡ à 1/3✱ ❝♦♠♠❡ ❛tt❡♥❞✉ ❞❛♥s ❧❡ ♠♦❞è❧❡ ♥❛ï❢ ❞❡s q✉❛r❦s✲♣❛rt♦♥s✱ ❛✈❡❝
❞❡✉① ❢♦✐s ♣❧✉s ❞❡ q✉❛r❦s u q✉❡ d✱ ❡t q✉❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ ❣❧✉♦♥s ❛✉❣♠❡♥t❡ à ❜❛s x✳
❈❡ ❥❡✉ ❞❡ P❉❋s ♣rés❡♥té ❡st ❞ét❡r♠✐♥é à ♣❛rt✐r ❞❡s s❡✉❧❡s ❞♦♥♥é❡s ❞❡ ❍❊❘❆ ■ q✉❡
s♦♥t ❧❡s s❡❝t✐♦♥s ❡✣❝❛❝❡s ❞❡ ❉■❙ ♣❛r ◆❈ ❡t ❈❈ ❡♥ ❝♦❧❧✐s✐♦♥s e+p ❡t e−p✳ ▲❡s r❡❧❛t✐✈❡♠❡♥t
❢❛✐❜❧❡s ❡rr❡✉rs ♦❜t❡♥✉❡s✱ q✉✐ ♣❡✉✈❡♥t ❛❧♦rs êtr❡ ❝♦♠♣❛ré❡s à ❝❡❧❧❡s ♦❜t❡♥✉❡s ❞❛♥s ❞❡s ✜ts
♣❧✉s ❣❧♦❜❛✉① ✐♥❝❧✉❛♥t ❞❡s ❞♦♥♥é❡s ❞✬❛✉tr❡s ❡①♣ér✐❡♥❝❡s✱ ♠♦♥tr❡ ❧✬✐♠♣♦rt❛♥❝❡ ❞❡s ❞♦♥♥é❡s
❞❡ ❍❊❘❆ q✉✐ s✬❛✈èr❡♥t êtr❡ ♠❛✐♥t❡♥❛♥t ❧✬é♣✐♥❡ ❞♦rs❛❧❡ ❞❡ t♦✉t❡ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡s P❉❋s
❞✉ ♣r♦t♦♥✳
✷✹ ❈❤❛♣✐tr❡ ✷ ✲ ▲❛ ♣ré❝✐s✐♦♥ ❞✉ ♠♦❞è❧❡ st❛♥❞❛r❞ ✿ ♠étr♦❧♦❣✐❡ ❞❡ ❧❛ str✉❝t✉r❡ ❞✉ ♣r♦t♦♥
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H1 and ZEUS Combined PDF Fit
❋✐❣✉r❡ ✷✳✽ ✿ ❋♦♥❝t✐♦♥s ❞❡
❞✐str✐❜✉t✐♦♥ ❞❡s q✉❛r❦s ❞❡
✈❛❧❡♥❝❡ xuv = x(U − U) ❡t
xdv = x(D−D)✱ ❞❡s q✉❛r❦s
❞❡ ❧❛ ♠❡r xS = 2x(U +
D) ❡t ❣❧✉♦♥s xg✱ ❞ét❡r♠✐✲
♥é❡s à ♣❛rt✐r ❞❡s ❞♦♥♥é❡s
❞❡ ❍❊❘❆ ■✱ ♣♦✉r ✉♥ Q2 =
10 ●❡❱2✳
▲❡s ❞♦♥♥é❡s ❞❡ ◆❈ ❞❡ ❜❛s Q2 ❞ét❡r♠✐♥❡♥t ❧❡s ❞✐str✐❜✉t✐♦♥s ❞❡ ❧❛ ♠❡r ❞❡ q✉❛r❦s ❡t ❞❡
❣❧✉♦♥s à ❜❛s x✳ ▲❛ ❞✐str✐❜✉t✐♦♥ ❞❡s q✉❛r❦s ❞❡ ✈❛❧❡♥❝❡ ❡st q✉❛♥t à ❡❧❧❡ ❞ét❡r♠✐♥é❡ ♣❛r ❧❡s
s❡❝t✐♦♥s ❡✣❝❛❝❡s ❞❡ ❈❈ à ❣r❛♥❞ Q2 ❡t ❧❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧❡s s❡❝t✐♦♥s ❡✣❝❛❝❡s ◆❈ e+p ❡t
e−p à ❣r❛♥❞ Q2✳ ▲❡s ❈❈ ♣❡r♠❡tt❡♥t ❞✬❡✛❡❝t✉❡r ✉♥❡ ❞✐st✐♥❝t✐♦♥ ❡♥tr❡ ❧❡s s❛✈❡✉rs ❞❡s q✉❛r❦s
❞❡ t②♣❡ u ❡t ❞❡ t②♣❡ d✳ ▲❡s ◆❈ à ❣r❛♥❞ Q2✱ ✈✐❛ ❧❛ ❝♦♥tr✐❜✉t✐♦♥ ❞❡ xF3✱ ❛♣♣♦rt❡♥t✱ ❡✉①✱
✉♥❡ ❝♦♥tr❛✐♥t❡✱ ❡♥❝♦r❡ ❢❛✐❜❧❡ à ❝❛✉s❡ ❞❡ ❧❛ st❛t✐st✐q✉❡ ❛❝t✉❡❧❧❡♠❡♥t ✉t✐❧✐sé❡✱ s✉r ❧❡s q✉❛r❦s
❞❡ ✈❛❧❡♥❝❡✳ ▲❡s s❡❝t✐♦♥s ❡✣❝❛❝❡s ✐♥❝❧✉s✐✈❡s s♦♥t ♣❛r ❝♦♥tr❡ q✉❛s✐♠❡♥t ❛✈❡✉❣❧❡s ✈✐s✲à✲✈✐s ❞❡
❧❛ s❛✈❡✉r✱ ❝✬❡st✲à✲❞✐r❡ q✉❡ ♥♦✉s ♥❡ ♣♦✉✈♦♥s ♣❛s ❞✐st✐♥❣✉❡r ❧❡s q✉❛r❦s u ❞❡s q✉❛r❦s c✳ ▲❡
❣❧✉♦♥ ❡st ♣r✐♥❝✐♣❛❧❡♠❡♥t ❝♦♥tr❛✐♥t ♣❛r ❧❡s ✈✐♦❧❛t✐♦♥s ❞✬é❝❤❡❧❧❡✳ ▲✬❛❥♦✉t ❞❡ s❡❝t✐♦♥s ❡✣❝❛❝❡s
❞❡ ♣r♦❞✉❝t✐♦♥ ❞❡ ❥❡ts à ❍❊❘❆ ♣❡r♠❡t ❛❧♦rs ❞❡ ♠✐❡✉① ❝♦♥tr❛✐♥❞r❡ ❧❡ ❣❧✉♦♥ à ♠♦②❡♥ x✳
❉❛♥s ❧❡ ❢✉t✉r ♣r♦❝❤❡✱ ❧✬❛❥♦✉t ❞❡ ❞♦♥♥é❡s ❞❡ ❍❊❘❆ ■■ ✈❛ ♣❡r♠❡ttr❡ ❞❡ ♠✐❡✉① ❝♦♥tr❛✐♥❞r❡
❡♥❝♦r❡ ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡s P❉❋s✳ ◆♦t❛♠♠❡♥t✱ ❧❡s ❞♦♥♥é❡s ❞❡ ❈❈ ❡♥ ❝♦❧❧✐s✐♦♥s e−p✱ ❧✐♠✐té❡s
st❛t✐st✐q✉❡♠❡♥t à ❍❊❘❆ ■✱ ✈♦♥t ❛♠é❧✐♦r❡r ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ q✉❛r❦s à
❣r❛♥❞ x✳ ▲❛ ♠❡s✉r❡ ♣❧✉s ♣ré❝✐s❡ ❞❡ xF3 ✈❛ é❣❛❧❡♠❡♥t ♣❡r♠❡ttr❡ ❞✬❛✉❣♠❡♥t❡r ❧❛ ❝♦♥tr❛✐♥t❡
s✉r ❧❡s q✉❛r❦s ❞❡ ✈❛❧❡♥❝❡✱ ❡t ❞❡ s✬❛✛r❛♥❝❤✐r ❛✐♥s✐ ✉♥ ♣❡✉ ♣❧✉s ❞❡s ♠❡s✉r❡s ❢❛✐t❡s s✉r ❝✐❜❧❡
❞❡ ❞❡✉tér✐❡✉♠✱ s✉❥❡tt❡s ❛✉① ✐♥❝❡rt✐t✉❞❡s s✉r ❧❡s ❝♦rr❡❝t✐♦♥s ♥✉❝❧é❛✐r❡s✳
❆✉✲❞❡❧à ❞❡s s❡✉❧❡s ❞♦♥♥é❡s ❞❡ ❍❊❘❆✱ ❧♦rs ❞✬✉♥ ❛❥✉st❡♠❡♥t ❣❧♦❜❛❧✱ ❧❡s ❞♦♥♥é❡s ❞❡ ❉■❙
s✉r ❝✐❜❧❡ ✜①❡ ♣❡r♠❡tt❡♥t ❞❡ ré❞✉✐r❡ ❞✬✉♥ ❢❛❝t❡✉r ❞❡✉① ❧✬✐♥❝❡rt✐t✉❞❡ s✉r ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s
q✉❛r❦s ❞❡ ✈❛❧❡♥❝❡✳ ▲❡s ❞♦♥♥é❡s ❞❡ ❥❡t ❞✉ ❚❡✈❛tr♦♥ ♣❡r♠❡tt❡♥t ✉♥❡ ♠❡✐❧❧❡✉r❡ ❝♦♥tr❛✐♥t❡ ❞❡s
❞❡♥s✐tés ❞❡ q✉❛r❦s ❡t ❞❡ ❣❧✉♦♥s à ❣r❛♥❞ x✳s
✷✳✸ ❚❡sts ❞✉ s❡❝t❡✉r é❧❡❝tr♦❢❛✐❜❧❡
▲❡s ✐♥t❡r❛❝t✐♦♥s ❞❡ ❉■❙ ♣❛r ◆❈ ❡t ❈❈ s♦♥t ❡♥ ❢❛✐t ❞❡ ♥❛t✉r❡ é❧❡❝tr♦❢❛✐❜❧❡✱ ❧❛ ♣❛rt✐❡
◗❈❉ ét❛♥t ✐♥❝♦r♣♦ré❡ ❞❛♥s ❧❡s P❉❋s ❡t ❧❡s éq✉❛t✐♦♥s ❉●▲❆P✳ ❊❧❧❡s ♣❡✉✈❡♥t ❞♦♥❝ êtr❡
é❣❛❧❡♠❡♥t ✉t✐❧✐sé❡s ♣♦✉r t❡st❡r ❧❡s ♣ré❞✐❝t✐♦♥s ❞✉ s❡❝t❡✉r é❧❡❝tr♦❢❛✐❜❧❡ ❞✉ ▼❙✳
✷✳✸ ✲ ❚❡sts ❞✉ s❡❝t❡✉r é❧❡❝tr♦❢❛✐❜❧❡ ✷✺
✷✳✸✳✶ ❉é♣❡♥❞❛♥❝❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s ❈❈ ❛✈❡❝ ❧❛ ♣♦❧❛r✐s❛t✐♦♥
▲❛ ♣♦❧❛r✐s❛t✐♦♥ ❞✉ ❢❛✐s❝❡❛✉ ❞✬é❧❡❝tr♦♥s ❞✐s♣♦♥✐❜❧❡ à ❍❊❘❆ ■■ ♣❡r♠❡t ❞❡ t❡st❡r ❧❡s ❡✛❡ts
❞❡ ♥♦♥✲❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ ♣❛r✐té ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❢❛✐❜❧❡✳ ▲✬❡✛❡t ❧❡ ♣❧✉s ✐♠♣♦rt❛♥t ❡st ♣ré❞✐t
❞❛♥s ❧❡s ✐♥t❡r❛❝t✐♦♥s ❈❈✳ ❉❛♥s ❝❡ ❝❛s✱ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞❡ ❈❈ ❞é♣❡♥❞ ❧✐♥é❛✐r❡♠❡♥t ❞❡
❧❛ ♣♦❧❛r✐s❛t✐♦♥ P ❞✉ ❧❡♣t♦♥ ✐♥❝✐❞❡♥t e±✱ σe
±p
CC (P ) = (1±P ) σe
±p
CC (P = 0)✳ ▲❡s rés✉❧t❛ts
♦❜t❡♥✉s✱ ♣♦✉r ❧❛ ♣r❡♠✐èr❡ ❢♦✐s ❡♥ ❝♦❧❧✐s✐♦♥ e±p✱ ♣❛r ❧❡s ❝♦❧❧❛❜♦r❛t✐♦♥s ❍✶ ❡t ❩❊❯❙ s♦♥t
rés✉♠és ❞❛♥s ❧❛ ✜❣✉r❡ ✷✳✾✳ ▲❛ ❞é♣❡♥❞❛♥❝❡ ❧✐♥é❛✐r❡ ❛tt❡♥❞✉❡ ❞❡ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❈❈ ❡st
❝♦♥✜r♠é❡✳ ❈❡s ♠❡s✉r❡s ❢♦✉r♥✐ss❡♥t ✉♥❡ é✈✐❞❡♥❝❡ s✉♣♣❧é♠❡♥t❛✐r❡ ❞❡ ❧❛ str✉❝t✉r❡ ❱✲❆ ❞❡s
❝♦✉r❛♥ts ❝❤❛r❣és ❞❛♥s ❧❡ ♠♦❞è❧❡ st❛♥❞❛r❞✱ ❝❡tt❡ ♣r♦♣r✐été ❛②❛♥t ❞é❥à été ✈ér✐✜é❡✱ à ♣❧✉s
❜❛ss❡ é♥❡r❣✐❡✱ 25 ❛♥s ❛✉♣❛r❛✈❛♥t ♣❛r ❧❛ ♠❡s✉r❡ ❞❡ ❧❛ ♣♦❧❛r✐s❛t✐♦♥ ❞❡ ♠✉♦♥s ♣r♦❞✉✐ts ❧♦rs
❞❡ ❞✐✛✉s✐♦♥s νµ − Fe ❬❏♦♥✼✾❪✳
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(p
b)
CC
s
❋✐❣✉r❡ ✷✳✾ ✿ ❙❡❝t✐♦♥s ❡❢✲
✜❝❛❝❡s ❞❡ ❝♦✉r❛♥ts ❝❤❛r✲
❣és ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣♦✲
❧❛r✐s❛t✐♦♥✱ ♠❡s✉ré❡s ♣❛r ❍✶
❡t ❩❊❯❙ ❡♥ ❝♦❧❧✐s✐♦♥s e+p
❡t e−p✳ ▲❡s ♠❡s✉r❡s s♦♥t
❝♦♠♣❛ré❡s ❛✉① ♣ré❞✐❝t✐♦♥s
❞✉ ♠♦❞è❧❡ st❛♥❞❛r❞ ✉t✐❧✐s❛♥t
❧❡s ❞✐str✐❜✉t✐♦♥s ❞❡ ♣❛rt♦♥s
❈❚❊◗✻❉ ✭❧✐❣♥❡ ♣❧❡✐♥❡✮ ❡t
▼❘❙❚ ✷✵✵✹ ✭❧✐❣♥❡ ❡♥ ♣♦✐♥✲
t✐❧❧és✮✳
✷✳✸✳✷ ❉é♣❡♥❞❛♥❝❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s ◆❈ ❛✈❡❝ ❧❛ ♣♦❧❛r✐s❛t✐♦♥
❉❡ ♣❛r ❧✬é❝❤❛♥❣❡ ❞✉ ❜♦s♦♥ Z0✱ ❧❛ ♣♦❧❛r✐s❛t✐♦♥ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❞✉ ❧❡♣t♦♥ ✐♥❝✐❞❡♥t ❛✛❡❝t❡
❛✉ss✐ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ◆❈ à ❣r❛♥❞ Q2✳ ▲❡s ❛s②♠étr✐❡s ❞❡ ♣♦❧❛r✐s❛t✐♦♥ ❞é♣❡♥❞❛♥t ❞❡ ❧❛
❝❤❛r❣❡ ♣♦✉r ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ◆❈ s♦♥t ❞é✜♥✐❡s ❝♦♠♠❡ ✿
A± =
2
PR − PL ·
σ±(PR)− σ±(PL)
σ±(PR) + σ±(PL)
≃ ∓κaeF
γZ
2
F γ2
, ✭✷✳✷✷✮
♦ù PR ❡t PL s♦♥t r❡s♣❡❝t✐✈❡♠❡♥t ❧❛ ♣♦❧❛r✐s❛t✐♦♥ ♠♦②❡♥♥❡ ❞r♦✐t❡ ❡t ❣❛✉❝❤❡ ❞✉ ❢❛✐s❝❡❛✉ ❞❡
❧❡♣t♦♥s✳ ❊❧❧❡s ♣❡r♠❡tt❡♥t ❞❡ ♠❡s✉r❡r ❛✈❡❝ ✉♥❡ très ❜♦♥♥❡ ❛♣♣r♦①✐♠❛t✐♦♥ ❧❡ r❛♣♣♦rt ❞❡s ❞❡✉①
❢♦♥❝t✐♦♥s ❞❡ str✉❝t✉r❡ F γZ2 ❡t F
γ
2 ✳ ❈❡s ❛s②♠étr✐❡s s♦♥t ♣r♦♣♦rt✐♦♥♥❡❧❧❡s ❛✉① ❝♦♠❜✐♥❛✐s♦♥s
aevq ❡t ♣❡r♠❡tt❡♥t ❞♦♥❝ ✉♥❡ ♠❡s✉r❡ ❞✐r❡❝t❡ ❞❡ ❧❛ ✈✐♦❧❛t✐♦♥ ❞❡ ❧❛ ♣❛r✐té✳ ❉❛♥s ❧❡ ♠♦❞è❧❡
st❛♥❞❛r❞✱ A+ ❡st ♣♦s✐t✐❢ ❡t é❣❛❧ à −A−✳
❆ ❣r❛♥❞ x✱ ❝❡s ❛s②♠étr✐❡s ♠❡s✉r❡♥t ❛✉ss✐ ❧❡ r❛♣♣♦rt d/u ❞❡s ❞✐str✐❜✉t✐♦♥s ❞❡ q✉❛r❦s ❞❡
✈❛❧❡♥❝❡ s❡❧♦♥✿
A± ≃ κ1 + dv/uv
4 + dv/uv
✭✷✳✷✸✮
✷✻ ❈❤❛♣✐tr❡ ✷ ✲ ▲❛ ♣ré❝✐s✐♦♥ ❞✉ ♠♦❞è❧❡ st❛♥❞❛r❞ ✿ ♠étr♦❧♦❣✐❡ ❞❡ ❧❛ str✉❝t✉r❡ ❞✉ ♣r♦t♦♥
▲❡s ♠❡s✉r❡s ré❝❡♥t❡s ❞❡ ❝❡s ❛s②♠étr✐❡s ♦❜t❡♥✉❡s ♣❛r ❍✶ ❡t ♣❛r ❝♦♠❜✐♥❛✐s♦♥ ❞❡s ❞♦♥♥é❡s
❞❡ ❍✶ ❡t ❩❊❯❙ s♦♥t r❡♣rés❡♥té❡s r❡s♣❡❝t✐✈❡♠❡♥t ❞❛♥s ❧❡s ✜❣✉r❡s ✷✳✶✵✭❛✮ ❡t ✷✳✶✵✭❜✮✳ ◆♦✉s
✈♦②♦♥s ❛❧♦rs q✉❡ ❧❡s ♠❡s✉r❡s s♦♥t ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s ♣ré❞✐❝t✐♦♥s ❞✉ ▼❙ ❡t ✐♥❞✐q✉❡♥t q✉❡ ❧❡s
❛s②♠étr✐❡s A± s♦♥t ❜✐❡♥ ❞❡ s✐❣♥❡ ♦♣♣♦sé ❡t ❞✐✛ér❡♥t❡s ❞❡ ③ér♦✱ ❞é♠♦♥tr❛♥t q✉❡ ❧❛ ♣❛r✐té
❡st ❜✐❡♥ ✈✐♦❧é❡ à ❞❡s ❞✐st❛♥❝❡s ❛✉ss✐ ❢❛✐❜❧❡s q✉❡ 10−18 ♠✳
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❋✐❣✉r❡ ✷✳✶✵ ✿ ❆s②♠étr✐❡ ❞❡ ♣♦❧❛r✐s❛t✐♦♥ ❞❡ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ◆❈ ❡♥ ❢♦♥❝t✐♦♥
❞❡ Q2✱ ♠❡s✉ré❡ ♣❛r ❍✶ ✭❛✮ ❡t ❞ét❡r♠✐♥é❡ ♣❛r ❝♦♠❜✐♥❛✐s♦♥ ❞❡s ❞♦♥♥é❡s ❞❡ ❍✶
❡t ❞❡ ❩❊❯❙ ✭❜✮✳
✷✳✸✳✸ ❉ét❡r♠✐♥❛t✐♦♥ ❝♦♠❜✐♥é❡ ❞❡ ♣❛r❛♠ètr❡s é❧❡❝tr♦❢❛✐❜❧❡s ❡t ◗❈❉
❈♦♠♠❡ ♥♦✉s ❧✬❛✈♦♥s ✈✉✱ ♣❛r ❧✬✐♥t❡r♠é❞✐❛✐r❡ ❞❡s ❢♦♥❝t✐♦♥s ❞❡ str✉❝t✉r❡ ❡t ❣râ❝❡ à
❧✬é❝❤❛♥❣❡ ❞✉ ❜♦s♦♥ Z0 ❡♥ ✈♦✐❡ t✱ ❧❡s s❡❝t✐♦♥s ❡✣❝❛❝❡s ❞❡ ◆❈ à ❣r❛♥❞ Q2 ❞é♣❡♥❞❡♥t ❞❡s
❝♦✉♣❧❛❣❡s ❢❛✐❜❧❡s ✈❡❝t❡✉r✱ vq✱ ❡t ❛①✐❛❧✲✈❡❝t❡✉r✱ aq✱ ❞❡s q✉❛r❦s u ❡t d ❛✉ Z
0✳ ❈❡tt❡ s❡♥s✐❜✐✲
❧✐té ♣❡✉t ❞♦♥❝ êtr❡ ❡①♣❧♦✐té❡ ♣♦✉r ❝♦♥tr❛✐♥❞r❡ ❝❡s ❝♦✉♣❧❛❣❡s✳ ▲❛ str❛té❣✐❡ s✉✐✈✐❡ ❝♦♥s✐st❡
❛❧♦rs à ❡✛❡❝t✉❡r ✉♥ ❛❥✉st❡♠❡♥t ❝♦♠❜✐♥é ❊❲✲◗❈❉ ❞❡s ❞✐str✐❜✉t✐♦♥s ❞❡ ♣❛rt♦♥s ❡t ❞❡ ❝❡s
♣❛r❛♠ètr❡s ❞✉ ▼❙✱ ❛❧♦rs ❧❛✐ssés ❧✐❜r❡s ❞❛♥s ❧✬❛❥✉st❡♠❡♥t✳ ❯♥❡ t❡❧❧❡ ♠ét❤♦❞❡ ❛ été ♣r♦♣♦sé❡
♣♦✉r ❧❛ ♣r❡♠✐èr❡ ❢♦✐s ♣❛r ❍✶ ❬❆❦t✵✻❛❪✳
▲❛ ♣♦❧❛r✐s❛t✐♦♥ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❞✉ ❢❛✐s❝❡❛✉ ❞❡ ❧❡♣t♦♥s ❞❡s ❞♦♥♥é❡s ❞❡ ❍❊❘❆ ■■ ♣❡r♠❡t
❛❧♦rs ❞✬❛❝❝r♦îtr❡ ❧❛ s❡♥s✐❜✐❧✐té ❛✉① ❝♦✉♣❧❛❣❡s ❛✉① q✉❛r❦s✳ ▲❡s rés✉❧t❛ts ❞❡ ❧✬❛❥✉st❡♠❡♥t✱
❛❧♦rs ❡✛❡❝t✉é ❡♥ ✉t✐❧✐s❛♥t ❧❡s ❞♦♥♥é❡s ♣♦❧❛r✐sé❡s ❞❡ ❍❊❘❆ ■■ ❞❡ ❍✶✱ s♦♥t ♣rés❡♥tés ❞❛♥s
❧❛ ✜❣✉r❡ ✷✳✶✶✳ ▲❡s ❝♦♥tr❛✐♥t❡s ❛❧♦rs ♦❜t❡♥✉❡s s✉r ❧❡s ❝♦✉♣❧❛❣❡s ❛✉① q✉❛r❦s u ❡t d s♦♥t
❝♦♠♣❛ré❡s ❛✉① rés✉❧t❛ts s✐♠✐❧❛✐r❡s ♦❜t❡♥✉s ❛✉ ❚❡✈❛tr♦♥ ❬❆❝♦✵✺❪ ❡t ♣❛r ❧❡s ❡①♣ér✐❡♥❝❡s ❞✉
▲❊P ❬▲❊P✵✹❪✳ ◆♦✉s ✈♦②♦♥s ❛❧♦rs q✉❡ ❧❛ ♣ré❝✐s✐♦♥ ♦❜t❡♥✉❡ à ❍❊❘❆ ❡st ♠❡✐❧❧❡✉r❡ q✉❡ ❝❡❧❧❡
❞✉ ❚❡✈❛tr♦♥✱ ♥♦t❛♠♠❡♥t ♣♦✉r ❧❡ q✉❛r❦ u✳ ▲❡s ♠❡s✉r❡s ❡✛❡❝t✉é❡s à ❧❛ rés♦♥❛♥❝❡ ❞✉ Z0 ❛✉
▲❊P✱ ♣❧✉s ♣ré❝✐s❡s✱ ♣❡r♠❡tt❡♥t s❡✉❧❡♠❡♥t ❞✬❛❝❝é❞❡r ❛✉① ❝♦♠❜✐♥❛✐s♦♥s av ♦✉ a2 + v2✳ ❈❡s
♠❡s✉r❡s ♣rés❡♥t❡♥t ❞♦♥❝ ✉♥❡ ❛♠❜✐❣✉ïté ❡♥tr❡ ❝♦✉♣❧❛❣❡s ❛①✐❛❧ ❡t ✈❡❝t❡✉r ❡t s❡✉❧ ❧❡ s✐❣♥❡
r❡❧❛t✐❢ ♣❡✉t êtr❡ ❞ét❡r♠✐♥é✳ ▲❡s ♠❡s✉r❡s ❡✛❡❝t✉é❡s à ❍❊❘❆ ❡t ❛✉ ❚❡✈❛tr♦♥ ♣❡r♠❡tt❡♥t ❞❡
rés♦✉❞r❡ ❝❡tt❡ ❛♠❜✐❣✉ïté✳
✷✳✹ ✲ ❈♦♥❝❧✉s✐♦♥s ✷✼
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❋✐❣✉r❡ ✷✳✶✶ ✿ ❈♦♥tr❛✐♥t❡s à 68✪ ❈▲ s✉r ❧❡s ❝♦✉♣❧❛❣❡s ❢❛✐❜❧❡s ❞❡s q✉❛r❦s u ✭❛✮
❡t d ✭❜✮ ❛✉ ❜♦s♦♥ Z0✳
✷✳✹ ❈♦♥❝❧✉s✐♦♥s
❆ tr❛✈❡rs ❝❡ ❝❤❛♣✐tr❡✱ ♥♦✉s ❛✈♦♥s ✈✉ q✉❡ ❧❡s ♠❡s✉r❡s ❞❡ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞❡ ❉■❙ ♣❛r
❝♦✉r❛♥t ♥❡✉tr❡ ❡t ❝❤❛r❣é ❢♦✉r♥✐❡s ♣❛r ❍❊❘❆ s♦♥t ❡ss❡♥t✐❡❧❧❡s ♣♦✉r ét❛❜❧✐r ♣ré❝✐sé♠❡♥t ❧❛
str✉❝t✉r❡ ❡♥ ✐♠♣✉❧s✐♦♥ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❞✉ ♣r♦t♦♥✳ ❈❡tt❡ ❝♦♥♥❛✐ss❛♥❝❡ ❡st ✐♥❝♦r♣♦ré❡ ❞❛♥s ❧❛
❞ét❡r♠✐♥❛t✐♦♥ ❞❡s ❢♦♥❝t✐♦♥s ❞❡ ❞✐str✐❜✉t✐♦♥s ❞❡s ♣❛rt♦♥s ❞❛♥s ❧❡ ♣r♦t♦♥✱ ❧❡s P❉❋s✳ ●râ❝❡
❛✉ t❤é♦rè♠❡ ❞❡ ❢❛❝t♦r✐s❛t✐♦♥ ❝♦❧✐♥é❛✐r❡✱ ❝❡s P❉❋s s♦♥t ❞❡✈❡♥✉❡s ✉♥ ♦✉t✐❧ ✐♥❞✐s♣❡♥s❛❜❧❡ ♣♦✉r
❧❡ ❝❛❧❝✉❧ ❞❡ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞❡ t♦✉t ♣r♦❝❡ss✉s ♣❤②s✐q✉❡ ❛✉♣rès ❞❡s ❣r❛♥❞s ❝♦❧❧✐s✐♦♥♥❡✉rs
❤❛❞r♦♥✐q✉❡s✱ ❡t ♥♦t❛♠♠❡♥t ❛✉ ▲❍❈✳
▲❡s ♠❡s✉r❡s ❡✛❡❝t✉é❡s à ❍❊❘❆✱ ❡♥ ❡①♣❧♦✐t❛♥t ❧✬❡♥s❡♠❜❧❡ ❞❡ ❧❛ st❛t✐st✐q✉❡ ❞✐s♣♦♥✐❜❧❡
❡t ❡♥ ❝♦♠❜✐♥❛♥t ❧❡s ❞♦♥♥é❡s ❞❡ ❍✶ ❡t ❞❡ ❩❊❯❙✱ ✈♦♥t ❛✐♥s✐ ♣❡r♠❡ttr❡ ❞❡ ré❞✉✐r❡ ❡♥❝♦r❡
❧❡s ✐♥❝❡rt✐t✉❞❡s ❞❡s P❉❋s ❛❝t✉❡❧❧❡s✱ ♣❡r♠❡tt❛♥t ❛✐♥s✐ ✉♥❡ ❞ét❡r♠✐♥❛t✐♦♥ ♣❧✉s ♣ré❝✐s❡ ❞❡s
s❡❝t✐♦♥s ❡✣❝❛❝❡s ❞❡s ♣r♦❝❡ss✉s ❞✉ ▼❙ ❛✉ ▲❍❈✳ ❈❡❝✐ ♣♦✉rr❛✐t ♥♦t❛♠♠❡♥t s❡r✈✐r à ré❞✉✐r❡
❡♥❝♦r❡ ❧✬✐♥❝❡rt✐t✉❞❡ t❤é♦r✐q✉❡ s✉r ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞❡ ♣r♦❞✉❝t✐♥ ❞✉ ❜♦s♦♥ W ❛✉ ▲❍❈ ❡t
✉t✐❧✐s❡r ❛✐♥s✐ ❝❡ ♣r♦❝❡ss✉s ♣♦✉r ♠❡s✉r❡r ❧❛ ❧✉♠✐♥♦s✐té✳
▲❡s ❞♦♥♥é❡s ❞❡ ❍❊❘❆ ♣❡r♠❡tt❡♥t é❣❛❧❡♠❡♥t ❞❡ ❝♦✉✈r✐r ✉♥❡ ❧❛r❣❡ ❣❛♠♠❡ ❡♥ x✱ ❥✉sq✉✬à
10−5✱ ❝♦♥tr❛✐r❡♠❡♥t ❛✉ ❚❡✈❛tr♦♥ q✉✐ ❧✉✐ ♥❡ ♣❡r♠❡t q✉❡ ❞❡ s♦♥❞❡r ❧❡ ❞♦♠❛✐♥❡ à ❣r❛♥❞ x ❞✉
♣r♦t♦♥✳ ❈❡tt❡ ❝♦♥♥❛✐ss❛♥❝❡ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ✐♥t❡r♥❡ ❞✉ ♣r♦t♦♥ à ❜❛s x✱ ❡t ♥♦t❛♠♠❡♥t ❞❡
❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ ❣❧✉♦♥s✱ ✈❛ s✬❛✈ér❡r ✐♠♣♦rt❛♥t❡ ♣♦✉r ❧❡ ▲❍❈ ❞♦♥t ✉♥❡ ❣r❛♥❞❡ ♣❛rt✐❡ ❞❡
❧✬❡s♣❛❝❡ ❞❡ ♣❤❛s❡ ❡st ❥✉st❡♠❡♥t s✐t✉é❡ à ❜❛s x✳ P❛r ❧❡s éq✉❛t✐♦♥s ❉●▲❆P✱ ❧❡s ♠❡s✉r❡s ❞❡
❍❊❘❆ à ❜❛s x ♣❡✉✈❡♥t ❡♥ ❡✛❡t êtr❡ ❡①tr❛♣♦❧é❡s à ♣❧✉s ❣r❛♥❞ Q2✱ ❞❛♥s ❧❡ ré❣✐♠❡ ❞✉ ▲❍❈✱
❡t ❢♦✉r♥✐r ❛✐♥s✐ ❞❡s ♣ré❞✐❝t✐♦♥s✳
✷✳✺ ❈♦♥tr✐❜✉t✐♦♥s ♣❡rs♦♥♥❡❧❧❡s
❆✉ r❡❞é♠❛rr❛❣❡ ❞❡ ❍❊❘❆ ✜♥ 2003✱ ♠❡s r❡s♣♦♥s❛❜✐❧✐tés ❞❛♥s ❧✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡s é❧❡❝✲
tr♦♥s ❡t ❞❡s ❤❛❞r♦♥s ♠✬♦♥t ♥❛t✉r❡❧❧❡♠❡♥t ❝♦♥❞✉✐t à ♠✬✐♠♣❧✐q✉❡r ❞❛♥s ❧❡s ♠❡s✉r❡s ❞❡s
s❡❝t✐♦♥s ❡✣❝❛❝❡s ❞❡ ❝♦✉r❛♥ts ♥❡✉tr❡s ✭◆❈✮ ❡t ❝❤❛r❣és ✭❈❈✮ à ❣r❛♥❞ Q2✳
P♦✉r ❝❡s ♠❡s✉r❡s ❞❡ ♣ré❝✐s✐♦♥✱ ✐❧ ❡st ❞✬✉s❛❣❡ ❞❛♥s ❧❛ ❝♦❧❧❛❜♦r❛t✐♦♥ ❍✶ ❞✬❛✈♦✐r ❞❡✉① ❧✐❣♥❡s
❞✬❛♥❛❧②s❡s ✐♥❞é♣❡♥❞❛♥t❡s✳ ❏✬❛✐ ❞é✈❡❧♦♣♣é ✉♥❡ ❞❡ ❝❡s ❞❡✉① ❧✐❣♥❡s ❞✬❛♥❛❧②s❡ ❡♥ ❝♦❧❧❛❜♦r❛t✐♦♥
❛✈❡❝ ❇❡♥❥❛♠✐♥ P♦rt❤❡❛✉❧t✱ ét✉❞✐❛♥t ❡♥ t❤ès❡ à ❖rs❛②✳ ❊♥ ♣❛r❛❧❧è❧❡✱ ✉♥❡ s❡❝♦♥❞❡ ❛♥❛❧②s❡ ❛
✷✽ ❈❤❛♣✐tr❡ ✷ ✲ ▲❛ ♣ré❝✐s✐♦♥ ❞✉ ♠♦❞è❧❡ st❛♥❞❛r❞ ✿ ♠étr♦❧♦❣✐❡ ❞❡ ❧❛ str✉❝t✉r❡ ❞✉ ♣r♦t♦♥
été ♠✐s❡ ❡♥ ♣❧❛❝❡ ♣❛r ❞❡s ♣❤②s✐❝✐❡♥s ❞❡ ❉❊❙❨ ❡t ❞❡ ▼✉♥✐❝❤✳
❊♥ 2005✱ ❥✬❛✐ r❡♣r✐s ❧✬❡♥t✐èr❡ r❡s♣♦♥s❛❜✐❧✐té ❞❡ ❧✬❛♥❛❧②s❡ ❖rs❛②✲▼❛rs❡✐❧❧❡ ❡t ♣❛rt✐❝✐♣é à
❧❛ ♣✉❜❧✐❝❛t✐♦♥ ❞❡ ❧❛ ♣r❡♠✐èr❡ ♠❡s✉r❡ à ❣r❛♥❞ Q2 ❞❡ ❧❛ ❞é♣❡♥❞❛♥❝❡ ❞❡s ♣r♦❝❡ss✉s ❝♦✉r❛♥ts
❝❤❛r❣és ❛✈❡❝ ❧❛ ♣♦❧❛r✐s❛t✐♦♥ ✭✈♦✐r ❛♥♥❡①❡ ❇✮✳ ❈❡❝✐ ❝♦♥st✐t✉❡ ❧❛ ♣r❡♠✐èr❡ ♣✉❜❧✐❝❛t✐♦♥ ❛❧♦rs
ré❛❧✐sé❡ ❛✈❡❝ ❞❡s ❞♦♥♥é❡s ❞❡ ❍❊❘❆ ■■✳
❊♥ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❧❡s ❣r♦✉♣❡s ❞❡ ❉❊❙❨ ❡t ❞❡ ▼✉♥✐❝❤✱ ❥✬❛✐ ❡♥s✉✐t❡ ét❡♥❞✉ ❝❡tt❡
❛♥❛❧②s❡ ❛✉① ❞♦♥♥é❡s ❞❡ ❝♦❧❧✐s✐♦♥ e−p✱ ❝❡ q✉✐ ❛ ❝♦♥❞✉✐t ❡♥ 2006 à ✉♥❡ ♥♦✉✈❡❧❧❡ ♠❡s✉r❡
♣ré❧✐♠✐♥❛✐r❡ ❞❡s s❡❝t✐♦♥s ❡✣❝❛❝❡s ◆❈ ❡t ❈❈✳ ❈❡s ♠❡s✉r❡s ♦♥t ❛✐♥s✐ ♣❡r♠✐s ✉♥❡ ♥♦✉✈❡❧❧❡
♠❡s✉r❡ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ str✉❝t✉r❡ xF3 ❛✐♥s✐ q✉❡ ❧❛ ♠❡s✉r❡ ❞❡ ❧❛ ❞é♣❡♥❞❛♥❝❡ ❞❡s ♣r♦❝❡ss✉s
◆❈ ❛✈❡❝ ❧❛ ♣♦❧❛r✐s❛t✐♦♥ ✭✈♦✐r s❡❝t✐♦♥ ✷✳✸✮✱ ❛✉①q✉❡❧❧❡s ❥✬❛✐ ♣❛rt✐❝✐♣é✳ ❈❡s ♠❡s✉r❡s ♦♥t ❡♥s✉✐t❡
été ✉t✐❧✐sé❡s ❞❛♥s ❧❛ ❝♦❧❧❛❜♦r❛t✐♦♥ ❍✶ ♣♦✉r ré❛❧✐s❡r ✉♥ ♥♦✉✈❡❧ ❛❥✉st❡♠❡♥t ❝♦♠❜✐♥é ❊❲✲◗❈❉
❡t ❝♦♥tr❛✐♥❞r❡ ❧❡s ✈❛❧❡✉rs ❞❡s ❝♦✉♣❧❛❣❡s ❢❛✐❜❧❡s ❞❡s q✉❛r❦s ❛✉ ❜♦s♦♥ Z0✳
❊♥ 2007✱ ❥✬❛✐ é❣❛❧❡♠❡♥t ❝♦♥tr✐❜✉é à ❧❛ ♠❡s✉r❡ ♣ré❧✐♠✐♥❛✐r❡ ❞❡ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ◆❈
✉t✐❧✐s❛♥t ❧✬❡♥s❡♠❜❧❡ ❞❡s ❞♦♥♥é❡s ❞❡ ❍✶✱ ❡♥ ❛ss✉r❛♥t ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❝♦♠♣❧❡t ❞✬✉♥❡ ❞❡s
❞❡✉① ❛♥❛❧②s❡s ✐♥❞é♣❡♥❞❛♥t❡s ♥é❝❡ss❛✐r❡s✳ ❈❡tt❡ ♠❡s✉r❡ ❛ ♥♦t❛♠♠❡♥t été ✉t✐❧✐sé❡ ❞❛♥s ❧❛
❝♦❧❧❛❜♦r❛t✐♦♥ ♣♦✉r ♣♦s❡r ✉♥❡ ♥♦✉✈❡❧❧❡ ❝♦♥tr❛✐♥t❡ s✉r ❧❛ t❛✐❧❧❡ ❞❡s q✉❛r❦s ✭✈♦✐r s❡❝t✐♦♥ ✹✳✶✳✶✮✳
❈❤❛♣✐tr❡ ✸ ✲ ▲❛ ❝♦♠♣❧❡①✐té ❞❛♥s ❧❡ ♠♦❞è❧❡ st❛♥❞❛r❞ ✿ ✐♥t❡r❛❝t✐♦♥s ❞✐✛r❛❝t✐✈❡s ✷✾
❈❤❛♣✐tr❡ ✸
▲❛ ❝♦♠♣❧❡①✐té ❞❛♥s ❧❡ ♠♦❞è❧❡ st❛♥❞❛r❞ ✿
✐♥t❡r❛❝t✐♦♥s ❞✐✛r❛❝t✐✈❡s
▲❡s ♣r♦❝❡ss✉s ❞✐✛r❛❝t✐❢s à ❍❊❘❆ ♣❡r♠❡tt❡♥t ❞❡ s♦♥❞❡r ❧❡ ♣r♦t♦♥ ❞✐✛ér❡♠♠❡♥t ❞❡s
ré❛❝t✐♦♥s ❞❡ ❉■❙✳ ■❧s ❛♣♣♦rt❡♥t ❛✐♥s✐ ❞❡s ✐♥❢♦r♠❛t✐♦♥s s✉♣♣❧é♠❡♥t❛✐r❡s s✉r ❧❛ str✉❝t✉r❡ ❞✉
♣r♦t♦♥✱ ❝♦♠♠❡ ❧❡ ❝♦♥t❡♥✉ ❡♥ ❣❧✉♦♥s à ❜❛s x ❞✉ ♣r♦t♦♥ ♦✉ ❧❛ str✉❝t✉r❡ tr❛♥s✈❡rs❡ ❞✉ ♣r♦t♦♥✳
▲✬✐♥t❡r❛❝t✐♦♥ ❢♦rt❡ ét❛♥t à ❧✬♦r✐❣✐♥❡ ❞❡ ❝❡s ♣r♦❝❡ss✉s✱ ✐❧s s♦♥t é❣❛❧❡♠❡♥t ❞❡ ❜♦♥s ♦✉t✐❧s
♣♦✉r ❧✬ét✉❞❡ ❞❡s ♣❤é♥♦♠è♥❡s ❝♦♠♣❧❡①❡s ❧✐és ❛✉ s❡❝t❡✉r ❞❡ ❧❛ ◗❈❉✳ ▲❡ ❞♦♠❛✐♥❡ ❝✐♥é♠❛t✐q✉❡
❛❝❝❡ss✐❜❧❡ à ❍❊❘❆ ♣❡r♠❡t ❛✐♥s✐ ❞✬ét✉❞✐❡r✱ à tr❛✈❡rs ❧❡s ✐♥t❡r❛❝t✐♦♥s ❞✐✛r❛❝t✐✈❡s✱ ❧❛ tr❛♥s✐t✐♦♥
❡♥tr❡ ré❣✐♠❡s ♣❡rt✉r❜❛t✐❢ ❡t ♥♦♥✲♣❡rt✉r❜❛t✐❢ ❞❡ ❧❛ ◗❈❉✳ ▲❛ ❞✐✛r❛❝t✐♦♥ à ❍❊❘❆ ♣❡r♠❡t
é❣❛❧❡♠❡♥t ❞✬❛❝❝é❞❡r ❛✉① ❢♦r❝❡s ❞❡ ❝♦♥✜♥❡♠❡♥t ❡♥ ◗❈❉✳ ❊♥ ❡✛❡t✱ à ❞❡ ❢❛✐❜❧❡s ✈❛❧❡✉rs ❞❡ x✱
s❡❧♦♥ ❧❡ Q2 ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥✱ ✐❧ ❡st ♣♦ss✐❜❧❡ ❞❡ s♦♥❞❡r ❡♥ ❝♦❧❧✐s✐♦♥s ep ✉♥❡ ❞❡♥s✐té très ❣r❛♥❞❡
❞❡ ❣❧✉♦♥s✳ ❙❡❧♦♥ ❧❡ ré❣✐♠❡ ❝✐♥é♠❛t✐q✉❡✱ t②♣✐q✉❡♠❡♥t ♣♦✉r x ≃ Q2/W 2✱ ❧❛ ❞❡♥s✐té ❞❡ ❣❧✉♦♥s
s♦♥❞é❡ ♣❡✉t ❞❡✈❡♥✐r s✐ ❣r❛♥❞❡ q✉❡ ❞❡s ❡✛❡ts ◗❈❉ ♥♦♥✲❧✐♥é❛✐r❡s✱ ❝♦♠♠❡ ❧❡s r❡❝♦♠❜✐♥❛✐s♦♥s
❞❡ ❣❧✉♦♥s✱ ❞❡✈✐❡♥♥❡♥t très ✐♠♣♦rt❛♥ts✳ ❈❡s ❡✛❡ts ❡♠♣ê❝❤❡♥t ❛❧♦rs ❧❛ ❞❡♥s✐té ❞❡ ❣❧✉♦♥s
❞❡ ❝r♦îtr❡ ❡t ♥♦✉s ♣❛r❧♦♥s ❛❧♦rs ❞❡ ♣❤é♥♦♠è♥❡ ❞❡ s❛t✉r❛t✐♦♥✳ ▲❡s ✐♥t❡r❛❝t✐♦♥s ❞✐✛r❛❝t✐✈❡s
s♦♥t ❛❧♦rs ✉♥ ❜♦♥ ♦✉t✐❧ ♣♦✉r ét✉❞✐❡r ❝❡s ❡✛❡ts ❞❡ s❛t✉r❛t✐♦♥ ❡t ❧❛ ❞②♥❛♠✐q✉❡ ◗❈❉ ❞❛♥s
❧❡ ré❣✐♠❡ ❞❡s ❣r❛♥❞❡s ❞❡♥s✐tés ❞❡ ♣❛rt♦♥s✱ ♣❡r♠❡tt❛♥t ❛✐♥s✐ ❞❡s ❝♦♥♥❡❝t✐♦♥s ✐♥tér❡ss❛♥t❡s
❛✈❡❝ ❧❛ ♣❤②s✐q✉❡ ❞❡s ✐♦♥s ❧♦✉r❞s✳
❆♣rès ✉♥❡ ❜rè✈❡ ✐♥tr♦❞✉❝t✐♦♥ ❞❡ ❧❛ ❞✐✛r❛❝t✐♦♥ à ❍❊❘❆ ❡t ❞❡s ♣r✐♥❝✐♣❛❧❡s ❛♣♣r♦❝❤❡s
t❤é♦r✐q✉❡s ✉t✐❧✐sé❡s ♣♦✉r ❞é❝r✐r❡ ❝❡s ♣r♦❝❡ss✉s✱ ♥♦✉s ♣rés❡♥t❡r♦♥s s✉❝❝❡ss✐✈❡♠❡♥t ❧❡s ♠❡✲
s✉r❡s ✐♥❝❧✉s✐✈❡s ❞❡ ❞✐✛✉s✐♦♥ ❞✐✛r❛❝t✐✈❡ ❡✛❡❝t✉é❡s à ❍❊❘❆ ❡t ✉♥ ❡①❡♠♣❧❡ ❞❡ ♣r♦❝❡ss✉s
❞✐✛r❛❝t✐❢ ❡①❝❧✉s✐❢✱ ❧❛ ❞✐✛✉s✐♦♥ ❈♦♠♣t♦♥ à ❤❛✉t❡ ✈✐rt✉❛❧✐té✳ ◆♦✉s ❞✐s❝✉t❡r♦♥s ❧✬✐♥térêt ❞✬ét✉✲
❞✐❡r ❝❡s ❞❡✉① ♣r♦❝❡ss✉s ❡t ❧❡s ✐♥❢♦r♠❛t✐♦♥s q✉✬✐❧s ♥♦✉s ❛♣♣♦rt❡♥t s✉r ❧❛ str✉❝t✉r❡ ❞✉ ♣r♦t♦♥
❛✐♥s✐ q✉❡ s✉r ❧❛ ❞②♥❛♠✐q✉❡ ❞❡ ❧❛ ◗❈❉ ❞❛♥s ❧❡ ❝❛s ❝♦♠♣❧❡①❡ ❞✉ ré❣✐♠❡ ♥♦♥✲♣❡rt✉r❜❛t✐❢✳
✸✳✶ ▲❡s ♣r♦❝❡ss✉s ❞✐✛r❛❝t✐❢s à ❍❊❘❆
❯♥ ❞❡s rés✉❧t❛ts ✐♠♣♦rt❛♥t ❞✉ ❝♦❧❧✐s✐♦♥♥❡✉r ❍❊❘❆ ❡st ❧✬♦❜s❡r✈❛t✐♦♥ ❞✬✉♥❡ ❢r❛❝t✐♦♥
✐♠♣♦rt❛♥t❡✱ ❞❡ ❧✬♦r❞r❡ ❞❡ 10✪✱ ❞✬é✈é♥❡♠❡♥ts ❞✐✛r❛❝t✐❢s ❡♥ ❝♦❧❧✐s✐♦♥s ♣r♦❢♦♥❞é♠❡♥t ✐♥é❧❛s✲
t✐q✉❡s✳ ❈❡s é✈é♥❡♠❡♥ts ♣rés❡♥t❡♥t ✉♥ ❧❛r❣❡ ✐♥t❡r✈❛❧❧❡ ❡♥ r❛♣✐❞✐té ❡♥tr❡ ❧❡ ♣r♦t♦♥ ❞✐✛✉sé✱ q✉✐
r❡st❡ ✐♥t❛❝t✱ ❡t ❧❡ r❡st❡ ❞❡ ❧✬ét❛t ✜♥❛❧ ❬❉❡r✾✸✱ ❆❤♠✾✹❪✳ ❉❛♥s ❧❛ ❞❡s❝r✐♣t✐♦♥ ◗❈❉ st❛♥❞❛r❞
❞✉ ❉■❙✱ ❞❡ t❡❧s é✈é♥❡♠❡♥ts ♥❡ s♦♥t ♣❛s ❛tt❡♥❞✉s ❞❛♥s ✉♥❡ ❛✉ss✐ ❣r❛♥❞❡ ♣r♦♣♦rt✐♦♥✱ ❧❡s
❣r❛♥❞s ✐♥t❡r✈❛❧❧❡s ❡♥ r❛♣✐❞✐té ét❛♥t s✉♣♣r✐♠és ❡①♣♦♥❡♥t✐❡❧❧❡♠❡♥t ♣❛r ❧❡s ❝♦r❞❡s ❞❡ ❝♦✉❧❡✉rs
❢♦r♠é❡s ❡♥tr❡ ❧❡s r❡st❡s ❞✉ ♣r♦t♦♥ ❡t ❧❡s ♣❛rt♦♥s ❞✐✛✉sés✳ ❉❛♥s ❝❡s é✈é♥❡♠❡♥ts ❞✐✛r❛❝t✐❢s✱ ✉♥
❡♥s❡♠❜❧❡ ❞❡ ❤❛❞r♦♥s✱ ♥❡✉tr❡ ❞❡ ❝♦✉❧❡✉r✱ s❡ ❢r❛❣♠❡♥t❡ ✐♥❞é♣❡♥❞❛♠♠❡♥t ❞✉ ♣r♦t♦♥ ❞✐✛✉sé✳
✸✵ ❈❤❛♣✐tr❡ ✸ ✲ ▲❛ ❝♦♠♣❧❡①✐té ❞❛♥s ❧❡ ♠♦❞è❧❡ st❛♥❞❛r❞ ✿ ✐♥t❡r❛❝t✐♦♥s ❞✐✛r❛❝t✐✈❡s
▲❡ r❛♣♣♦rt ❞✉ ♥♦♠❜r❡ ❞✬é✈é♥❡♠❡♥ts ❞✐✛r❛❝t✐❢s s✉r ❧❡ ♥♦♠❜r❡ t♦t❛❧ ❞✬é✈é♥❡♠❡♥ts ❞❡ ❉■❙
❞é♣❡♥❞ s❡✉❧❡♠❡♥t ❢❛✐❜❧❡♠❡♥t ❞❡ x ❡t ❞❡ Q2✳ ▲❡s é✈é♥❡♠❡♥t ❞✐✛r❛❝t✐❢ ❝♦rr❡s♣♦♥❞❡♥t ❞♦♥❝
à ✉♥ ❡✛❡t ❞❡ t✇✐st ❞♦♠✐♥❛♥t ❛✈❡❝ ❞❡s ✈✐♦❧❛t✐♦♥s ❞✬é❝❤❡❧❧❡ ❧♦❣❛r✐t❤♠✐q✉❡s ❡♥ Q2✱ s✐♠✐❧❛✐r❡s
❛✉ ❉■❙ st❛♥❞❛r❞✳
▲❛ ❞❡s❝r✐♣t✐♦♥ t❤é♦r✐q✉❡ ❞❡ ❝❡s é✈é♥❡♠❡♥ts ❞✐✛r❛❝t✐❢s r❡st❡ ✉♥ ré❡❧ ❞é✜✱ ❝❛r ❡❧❧❡ ❞♦✐t
❝♦♠❜✐♥❡r ❧❡s ❡✛❡ts ◗❈❉ ♣❡rt✉r❜❛t✐❢s ❞❡ ❧❛ ❞✐✛✉s✐♦♥ ❞✉r❡ ❛✈❡❝ ❧❡s ♣❤é♥♦♠è♥❡s ♥♦♥ ♣❡rt✉r✲
❜❛t✐❢s ❧✐és à ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❧✬✐♥t❡r✈❛❧❧❡ ❡♥ r❛♣✐❞✐té✳ ▲❡s é✈é♥❡♠❡♥ts ❞✐✛r❛❝t✐❢s ❡♥ ❝♦❧❧✐s✐♦♥ ep
♦✛r❡♥t ❛❧♦rs ✉♥ ❡♥✈✐r♦♥♥❡♠❡♥t ✉♥✐q✉❡✱ ❞❡ ♣❛r ❧✬✐♥t❡r❛❝t✐♦♥ ✐♥✐t✐❛❧❡ γ∗p✱ ❡t ♠✐❡✉① ❝♦♥trô❧é
q✉❡ ❧❡s ❝♦❧❧✐s✐♦♥s ♣✉r❡♠❡♥t ❤❛❞r♦♥✐q✉❡s✱ ♣♦✉r ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡s ♣❤é♥♦♠è♥❡s ❞✐✛r❛❝t✐❢s
❡♥ ◗❈❉✳ ■❧s s♦♥t ❞♦♥❝ ✉♥ ❜♦♥ ♦✉t✐❧ ♣♦✉r ét✉❞✐❡r ❧❛ tr❛♥s✐t✐♦♥ ❡♥tr❡ ré❣✐♠❡s ❞✉rs ❡t ♠♦✉s
❞❡ ❧❛ ◗❈❉✳
❊♥ ❝♦❧❧✐s✐♦♥s ❤❛❞r♦♥✲❤❛❞r♦♥✱ ❧❡s ✐♥t❡r❛❝t✐♦♥s ❞✐✛r❛❝t✐✈❡s s♦♥t ❞❡♣✉✐s ❧♦♥❣t❡♠♣s ❞é❝r✐t❡s
❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧❛ t❤é♦r✐❡ ❞❡ ❘❡❣❣❡ ❬❈♦❧✼✼❪✳ ❉❛♥s ❝❡ ❝❛❞r❡✱ ❧✬é❝❤❛♥❣❡ ❞❡ ♣❛rt✐❝✉❧❡s ❡♥
✈♦✐❡ t ❡st s♦♠♠é ❞❡ ♠❛♥✐èr❡ ❝♦❤ér❡♥t❡ ♣♦✉r ♣r♦❞✉✐r❡ ❧✬é❝❤❛♥❣❡ ❞❡ ❝❡ q✉✐ ❡st ❛♣♣❡❧é ❞❡s
tr❛❥❡❝t♦✐r❡s ❞❡ ❘❡❣❣❡✳ ▲❛ ❞✐✛r❛❝t✐♦♥ ❡st ❛❧♦rs ❝❛r❛❝tér✐sé❡ ♣❛r ❧✬é❝❤❛♥❣❡ ❞✬✉♥❡ tr❛❥❡❝t♦✐r❡
s♣é❝✐✜q✉❡✱ ❧❡ ♣♦♠❡r♦♥ ✭IP ✮✱ q✉✐ ♣♦ssè❞❡ ❧❡s ♥♦♠❜r❡s q✉❛♥t✐q✉❡s ❞✉ ✈✐❞❡✳ ❯♥ é❝❤❛♥❣❡ ❡♥
✈♦✐❡ t ♣r♦✈♦q✉❛♥t ✉♥ ✐♥t❡r✈❛❧❧❡ ❡♥ r❛♣✐❞✐té ❞♦✐t ❡♥ ❡✛❡t êtr❡ ♥❡✉tr❡ ❞❡ ❝♦✉❧❡✉r✱ ❛✉tr❡♠❡♥t✱
t♦✉t❡ ❝♦✉❧❡✉r é❝❤❛♥❣é❡ ♠è♥❡r❛✐t à ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ♣❛rt✐❝✉❧❡s s✉♣♣❧é♠❡♥t❛✐r❡s✱ r❡♠♣❧✐ss❛♥t
❛❧♦rs ❧✬✐♥t❡r✈❛❧❧❡ ❡♥ r❛♣✐❞✐té✳ ❉❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧❛ ◗❈❉✱ ❧✬é❝❤❛♥❣❡ ❞✬✉♥ ♣♦♠❡r♦♥ ♣❡✉t êtr❡
❞é❝r✐t à ❧✬♦r❞r❡ ❞♦♠✐♥❛♥t ♣❛r ✉♥ é❝❤❛♥❣❡ ❞❡ ❞❡✉① ❣❧✉♦♥s ❛②❛♥t ❧❡s ♥♦♠❜r❡s q✉❛♥t✐q✉❡s ❞✉
✈✐❞❡✳
P♦✉r ❧❡s ✐♥t❡r❛❝t✐♦♥s ep✱ ❞❡✉① ❣r❛♥❞❡s ❛♣♣r♦❝❤❡s t❤é♦r✐q✉❡s s♦♥t ♣♦ss✐❜❧❡s ♣♦✉r t❡♥t❡r
❞❡ ❞é❝r✐r❡ ❧❡s ✐♥t❡r❛❝t✐♦♥s ❞✐✛r❛❝t✐✈❡s✳ ▲❛ ♣r❡♠✐èr❡ ❡st ❜❛sé❡ s✉r ✉♥❡ ❞❡s❝r✐♣t✐♦♥ ♣❛rt♦✲
♥✐q✉❡ ❞✉ ♣r♦t♦♥✳ ▲❛ s❡❝♦♥❞❡ t❡♥t❡ ✉♥❡ ❞❡s❝r✐♣t✐♦♥ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❜❛sé❡ s✉r ❞❡s ♣r✐♥❝✐♣❡s
❢♦♥❞❛♠❡♥t❛✉① ❞❡ ❧❛ ◗❈❉✳
❉❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ♦ù ❧❡ ♣r♦t♦♥ ❡st très r❛♣✐❞❡✱ ❧❛ ré❛❝t✐♦♥ ❞✐✛r❛❝t✐✈❡ ♣❡✉t êtr❡ ✈✉❡
❝♦♠♠❡ ✉♥❡ ❞✐✛✉s✐♦♥ ♣r♦❢♦♥❞é♠❡♥t ✐♥é❧❛st✐q✉❡ ❞✬✉♥ ♣❤♦t♦♥ ✈✐rt✉❡❧ γ∗ s✉r ❧❡ ♣r♦t♦♥✳ ▲❡
t❤é♦rè♠❡ ❞❡ ❢❛❝t♦r✐s❛t✐♦♥ ❝♦❧✐♥é❛✐r❡ ♣❡✉t é❣❛❧❡♠❡♥t s✬❛♣♣❧✐q✉❡r à ❝❡s é✈é♥❡♠❡♥ts ❞✐✛r❛❝✲
t✐❢s ❬❈♦❧✾✽❪ ❡t ❧❡ ♠♦❞è❧❡ ❞❡s ♣❛rt♦♥s ♣❡✉t ❛❧♦rs êtr❡ ✉t✐❧✐sé✱ ❡♥ ❛♥❛❧♦❣✐❡ ❛✈❡❝ ❧❡ ❉■❙ st❛♥❞❛r❞✳
▲❛ str✉❝t✉r❡ s♣é❝✐✜q✉❡ ❞✉ ♣r♦t♦♥ ❞❛♥s ❝❡s ♣r♦❝❡ss✉s ❞✐✛r❛❝t✐❢s ♣❡✉t ❛❧♦rs êtr❡ ✐♥❝♦r♣♦ré❡
❞❛♥s ❞❡s ❢♦♥❝t✐♦♥s ❞❡ ❞✐str✐❜✉t✐♦♥ ❞❡ ♣❛rt♦♥s✱ ❞✐✛r❛❝t✐✈❡s ✭❉P❉❋✮✳
▲❛ ❞✐✛r❛❝t✐♦♥ à ❍❊❘❆ ❡st ❛❧♦rs ❞❡✈❡♥✉❡ ✉♥ ♦✉t✐❧ ♣♦✉r ét✉❞✐❡r ❧❡s ♣❛rt♦♥s ❞❡ ❢❛✐❜❧❡
✐♠♣✉❧s✐♦♥ ❞❛♥s ❧❡ ♣r♦t♦♥✱ ♥♦t❛♠♠❡♥t à tr❛✈❡rs ❧✬ét✉❞❡ ❞❡s ❞❡♥s✐tés ❞✐✛r❛❝t✐✈❡s ❞❡ ♣❛rt♦♥s
✭❉P❉❋✮ ❞❛♥s ❧❡s ♣r♦❝❡ss✉s ✐♥❝❧✉s✐❢s ♦✉ ❞❡s ❞✐str✐❜✉t✐♦♥s ❣é♥ér❛❧✐sé❡s ❞❡ ♣❛rt♦♥s ✭●P❉✮
❞❛♥s ❧❡s ♣r♦❝❡ss✉s ❡①❝❧✉s✐❢s✳ ▲❡s ❞❡♥s✐tés ❞✐✛r❛❝t✐✈❡s ❞❡ ♣❛rt♦♥s ♣❡✉✈❡♥t êtr❡ ✐♥t❡r♣rété❡s
❝♦♠♠❡ ❧❡s ♣r♦❜❛❜✐❧✐tés ❝♦♥❞✐t✐♦♥♥❡❧❧❡s ❞❡ tr♦✉✈❡r ✉♥ ♣❛rt♦♥ ❞❛♥s ❧❡ ♣r♦t♦♥ q✉❛♥❞ ❧✬ét❛t
✜♥❛❧ ❝♦♥t✐❡♥t ✉♥ ♣r♦t♦♥ r❛♣✐❞❡ s♦rt❛♥t✱ ❞❡ q✉❛❞r✐✲✐♠♣✉❧s✐♦♥ ❞♦♥♥é❡✳ ▲❡s ●P❉s✱ q✉❛♥t
à ❡❧❧❡s✱ à tr❛✈❡rs ❧❡✉r ❞é♣❡♥❞❛♥❝❡ ❝♦♠❜✐♥é❡s ❛✉① ✈❛r✐❛❜❧❡s tr❛♥s✈❡rs❡s ❡t ❧♦♥❣✐t✉❞✐♥❛❧❡s✱
❢♦✉r♥✐ss❡♥t ✉♥❡ ✐♠❛❣❡ ❡♥ tr♦✐s ❞✐♠❡♥s✐♦♥s ❞✉ ♣r♦t♦♥ ❞❛♥s ❧❡s ré❛❝t✐♦♥s à ❤❛✉t❡ é♥❡r❣✐❡✳
❙✐ ♥♦✉s ♥♦✉s ♣❧❛ç♦♥s ♣❛r ❝♦♥tr❡ ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ♦ù ❧❡ ♣r♦t♦♥ ❡st ❛✉ r❡♣♦s✱ à ❜❛s x✱
❧❡ ♣❤♦t♦♥ ✈✐rt✉❡❧ ❡st ❛❧♦rs très r❛♣✐❞❡✱ ❛✈❡❝ ✉♥❡ ✐♠♣✉❧s✐♦♥ q✉✐ ♣❡✉t ❛❧❧❡r ❥✉sq✉✬à 50 ❚❡❱
à ❍❊❘❆✳ ▲❡ ♣❤♦t♦♥ ✈✐rt✉❡❧ ♣❡✉t ❛❧♦rs ✢✉❝t✉❡r ❡♥ ✉♥❡ ♣❛✐r❡ q✉❛r❦✲❛♥t✐q✉❛r❦ qq¯✱ s✐♥❣✉❧❡t
❞❡ ❝♦✉❧❡✉r ❛♣♣❡❧é ❞✐♣ô❧❡✱ ❜✐❡♥ ❛✈❛♥t ❞✬❛tt❡✐♥❞r❡ ❧❡ ♣r♦t♦♥✳ ❈✬❡st ❝❡ ❞✐♣ô❧❡✱ q✉✐ ❛ ❛❧♦rs
✉♥❡ t❛✐❧❧❡ tr❛♥s✈❡rs❡ r ∼ 1/Q✱ q✉✐ ✈❛ ❡♥s✉✐t❡ ✐♥t❡r❛❣✐r ❛✈❡❝ ❧❡ ♣r♦t♦♥ ♣❛r ✉♥ ♣r♦❝❡ss✉s
❞✉r ❬▼✉❡✾✵✱ ◆✐❦✾✶❪✳ ❈❡ ♣r♦❝❡ss✉s ❡st s❝❤é♠❛t✐sé ❞❛♥s ❧❛ ✜❣✉r❡ ✸✳✶✳ ❉❛♥s ❧❡ ré❣✐♠❡ ♣✉r❡♠❡♥t
♣❡rt✉r❜❛t✐❢✱ ❝❡tt❡ ✐♥t❡r❛❝t✐♦♥ s❡ ❢❛✐t ♣❛r é❝❤❛♥❣❡ ❞✬✉♥ ❣❧✉♦♥ ❡t s❡ tr❛♥s❢♦r♠❡ ❡♥ ✉♥ é❝❤❛♥❣❡
✸✳✷ ✲ ▲❛ ❞✐✛r❛❝t✐♦♥ ✐♥❝❧✉s✐✈❡ ✸✶
g
*
g
*
p
z
1-z
r
p
❋✐❣✉r❡ ✸✳✶ ✿ ❘❡♣rés❡♥t❛t✐♦♥
s❝❤é♠❛t✐q✉❡ ❞✉ ♣r♦❝❡ss✉s ❞✬✐♥t❡r✲
❛❝t✐♦♥ ❞✉ ❞✐♣ô❧❡ ❛✈❡❝ ❧❡ ♣r♦t♦♥
✭❞✬❛♣rès ❬●❇✾✾❛❪✮✳
❞❡ ♣❧✉s✐❡✉rs ❣❧✉♦♥s✱ ♣♦✉r ❞❡ très ❢❛✐❜❧❡s ✈❛❧❡✉rs ❞❡ x✱ x . 0.01✳ ❉❛♥s ❝❡ ❞♦♠❛✐♥❡✱ ❧❛ ❞❡♥s✐té
❞❡ ❣❧✉♦♥s ❞✉ ♣r♦t♦♥ ❞❡✈✐❡♥t s✐ ❧❛r❣❡ q✉❡ ❞❡s ❡✛❡ts ♥♦♥✲❧✐♥é❛✐r❡s ❝♦♠♠❡ ❧❡s r❡❝♦♠❜✐♥❛✐s♦♥s
❞❡ ❣❧✉♦♥s ✈♦♥t ❡♥ ❧✐♠✐t❡r ❧✬❡①t❡♥s✐♦♥ ❡t ♥♦✉s ♣❛r❧♦♥s ❛❧♦rs ❞❡ ♣❤é♥♦♠è♥❡s ❞❡ s❛t✉r❛t✐♦♥✳
❉❡✉① ❣r❛♥❞❡s ❝❛té❣♦r✐❡s ❞❡ ♣r♦❝❡ss✉s ❞✐✛r❛❝t✐❢s s♦♥t ét✉❞✐é❡s à ❍❊❘❆ ✿ ❞❡s ♣r♦❝❡ss✉s
✐♥❝❧✉s✐❢s ❡t ❞✬❛✉tr❡s ♣❧✉s ❡①❝❧✉s✐❢s ❝♦♠♠❡ ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ♠és♦♥s ✈❡❝t❡✉rs ♦✉ ❧❛ ❞✐✛✉s✐♦♥
❈♦♠♣t♦♥ ♣r♦❢♦♥❞é♠❡♥t ✈✐rt✉❡❧❧❡ ✭❉❱❈❙✮✳ ❈❤❛❝✉♥ ❛♣♣♦rt❡ ❞❡s ✐♥❢♦r♠❛t✐♦♥s ❞✐✛ér❡♥t❡s ❡t
♣❡r♠❡t ❞❡ s♦♥❞❡r ❞✐✛ér❡♥t❡s ❢❛❝❡tt❡s ❞❡ ❧❛ str✉❝t✉r❡ ❞✉ ♣r♦t♦♥ ❡t ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ◗❈❉✳
❆✐♥s✐✱ ❧❡s ♠❡s✉r❡s ❞❡ ❞✐✛r❛❝t✐♦♥ ✐♥❝❧✉s✐✈❡ ♣❡r♠❡tt❡♥t ❞❡ ❞ét❡r♠✐♥❡r ❧❡s ❉P❉❋s ❡t é❣❛❧❡♠❡♥t
❞✬❛❝❝é❞❡r ❛✉ ré❣✐♠❡ ❞❡ s❛t✉r❛t✐♦♥ ❞❡ ❧❛ ◗❈❉ ❞❛♥s ❧❡ ♣r♦t♦♥✳ ▲✬ét✉❞❡ ❞❡ ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡
♠és♦♥s ✈❡❝t❡✉rs à ❍❊❘❆ ❡t ❞✉ ❉❱❈❙ ♣❡r♠❡t q✉❛♥t à ❡❧❧❡ ❞✬❛❝❝é❞❡r ❛✉① ❝♦rré❧❛t✐♦♥s ❡♥tr❡
❧❡s ♣❛rt♦♥s ❞✉ ♣r♦t♦♥ ❡t ❞✬ét✉❞✐❡r ❧❛ str✉❝t✉r❡ tr❛♥s✈❡rs❡ ❞✉ ♣r♦t♦♥✱ ✐♥❢♦r♠❛t✐♦♥s t♦✉t❡s
❞❡✉① ❛❧♦rs ❡♥❝♦❞é❡s ❞❛♥s ❧❡s ●P❉s✳
◆♦✉s ♣rés❡♥t❡r♦♥s ❞♦♥❝ ❞❡✉① ét✉❞❡s ❝♦♥❝❡r♥❛♥t r❡s♣❡❝t✐✈❡♠❡♥t ❧❛ ❞✐✛r❛❝t✐♦♥ ✐♥❝❧✉s✐✈❡
❡t ❧❛ ♠❡s✉r❡ ❞✬✉♥ ♣r♦❝❡ss✉s ❡①❝❧✉s✐❢✱ ❧❡ ❉❱❈❙✳
✸✳✷ ▲❛ ❞✐✛r❛❝t✐♦♥ ✐♥❝❧✉s✐✈❡
✸✳✷✳✶ ❈✐♥é♠❛t✐q✉❡
▲❡s ❝♦❧❧✐s✐♦♥s ep à ❍❊❘❆ ♣❡r♠❡tt❡♥t ❞❡ ♠❡s✉r❡r ❧❡ ♣r♦❝❡ss✉s ✐♥❝❧✉s✐❢ ❞❡ ❞✐✛r❛❝t✐♦♥
ep → eXY ✱ Y ét❛♥t ✉♥ ♣r♦t♦♥ ♦✉ ✉♥❡ ❡①❝✐t❛t✐♦♥ ❞❡ ❜❛ss❡ ♠❛ss❡ ❞✉ ♣r♦t♦♥✳ P♦✉r ❝❡s
♣r♦❝❡ss✉s✱ ❧✬ét❛t ❤❛❞r♦♥✐q✉❡ ✜♥❛❧ ❡st ❛❧♦rs sé♣❛ré ❡♥ ❞❡✉① s②stè♠❡s X ❡t Y ✱ ❞é✜♥✐s ♣❛r ❧❡
♣❧✉s ❣r❛♥❞ ✐♥t❡r✈❛❧❧❡ ❡♥ r❛♣✐❞✐té sé♣❛r❛♥t ❞❡s ❤❛❞r♦♥s ❞❛♥s ❧✬ét❛t ✜♥❛❧✳ ▲❡ s②stè♠❡ Y ❡st
❝❡❧✉✐ ét❛♥t ❧❡ ♣❧✉s ♣r♦❝❤❡ ❞❡ ❧❛ ❞✐r❡❝t✐♦♥ ❞✉ ♣r♦t♦♥ s♦rt❛♥t ✭✈♦✐r ✜❣✉r❡ ✸✳✷✮✳
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❋✐❣✉r❡ ✸✳✷ ✿ ❙❝❤é♠❛ ❞❡ ❧❛ ❞✐✛✉✲
s✐♦♥ ❞✐✛r❛❝t✐✈❡ ❡♥ ❝♦❧❧✐s✐♦♥ ep✳
▲❛ ❝✐♥é♠❛t✐q✉❡ ❞✉ ♣r♦❝❡ss✉s ♣❡✉t êtr❡ ❞é❝r✐t❡ ♣❛r ❧❡s ♠❛ss❡s ✐♥✈❛r✐❛♥t❡s MX ❡t MY
✸✷ ❈❤❛♣✐tr❡ ✸ ✲ ▲❛ ❝♦♠♣❧❡①✐té ❞❛♥s ❧❡ ♠♦❞è❧❡ st❛♥❞❛r❞ ✿ ✐♥t❡r❛❝t✐♦♥s ❞✐✛r❛❝t✐✈❡s
❞❡s s②stè♠❡s X ❡t Y ❡t ❧❡s s❝❛❧❛✐r❡s ❞❡ ▲♦r❡♥t③ ✿
x =
−q2
2P · q , y =
P · q
P · k , Q
2 = −q2 , t = (P − PY )2 , ✭✸✳✶✮
♦ù P ❡t k s♦♥t ❧❡s q✉❛❞r✐✲✈❡❝t❡✉rss r❡s♣❡❝t✐❢s ❞✉ ♣r♦t♦♥ ❡t ❞❡ ❧✬é❧❡❝tr♦♥ ✐♥❝✐❞❡♥t✱ PY ❡st
❧❡ q✉❛❞r✐✲✈❡❝t❡✉r ❞✉ s②stè♠❡ Y ❡t q ❝❡❧✉✐ ❞✉ ♣❤♦t♦♥ ✈✐rt✉❡❧ é❝❤❛♥❣é✳ ▲❛ ✈❛r✐❛❜❧❡ t ❡st ❧❡
❝❛rré ❞✉ q✉❛❞r✐✲✈❡❝t❡✉r tr❛♥s❢éré ❛✉ ✈❡rt❡① ❞✉ ♣r♦t♦♥✳
▲❡s ❞❡✉① ✈❛r✐❛❜❧❡s s❛♥s ❞✐♠❡♥s✐♦♥s β ❡t xIP ♣❡✉✈❡♥t êtr❡ ❞é✜♥✐❡s ❝♦♠♠❡ ✿
β =
−q2
2q · (P − PY ) =
Q2
Q2 +M2X − t
, xIP =
q · (P − PY )
q · P =
Q2 +M2X − t
Q2 +W 2 −M2Y
, ✭✸✳✷✮
♦ù W 2 = (q + P )2 ❡st ❧❡ ❝❛rré ❞❡ ❧✬é♥❡r❣✐❡ ❞❛♥s ❧❡ ❝❡♥tr❡ ❞❡ ♠❛ss❡ ❞✉ s②stè♠❡ ♣❤♦t♦♥✲
♣r♦t♦♥✳ ❈❡s ✈❛r✐❛❜❧❡s s♦♥t r❡❧✐é❡s ♣❛r ❧❛ ❢♦r♠✉❧❡ xIPβ = x✳ ▲❛ ✈❛r✐❛❜❧❡ xIP r❡♣rés❡♥t❡ ❧❛
❢r❛❝t✐♦♥ ❞✬✐♠♣✉❧s✐♦♥ ♣❡r❞✉❡ ♣❛r ❧❡ ♣r♦t♦♥ ✐♥❝✐❞❡♥t✳ ▲❛ ✈❛r✐❛❜❧❡ β ❡st ❧✬éq✉✐✈❛❧❡♥t ❞❡ ❧❛
✈❛r✐❛❜❧❡ ❞❡ ❇❥♦r❦❡♥ x ❡t ♣❡✉t êtr❡ ✈✉❡ ❝♦♠♠❡ ❧❛ ❢r❛❝t✐♦♥ ❞✬✐♠♣✉❧s✐♦♥ ❞✉ ♣♦♠❡r♦♥ ♣♦rté❡
♣❛r ❧❡ ♣❛rt♦♥ ❞✐✛✉sé✳
❆♣rès ✐♥té❣r❛t✐♦♥ s✉r ❧✬❛♥❣❧❡ ❛③✐♠✉t❛❧ ❞✉ ♣r♦t♦♥ ❞✐✛✉sé ❡t s✉r t✱ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞❡
❉❉■❙ ♣❡✉t êtr❡ ♣❛r❛♠étré❡ ♣❛r ❞❡✉① ❢♦♥❝t✐♦♥s ❞❡ str✉❝t✉r❡ ❞✐✛r❛❝t✐✈❡s F
D(3)
2,L ✱ ♣❛r ❛♥❛❧♦❣✐❡
❛✈❡❝ ❧❡ ❉■❙ st❛♥❞❛r❞ ✿
d3σep→eXY
dxIPdQ2dx
=
2πα2em
xQ4
[(
1 + (1− y)2)FD(3)2 − y2FD(3)L ] . ✭✸✳✸✮
▲❛ ❢♦♥❝t✐♦♥ ❞❡ str✉❝t✉r❡ F
D(3)
L ❝♦rr❡s♣♦♥❞ à ❧❛ ♣♦❧❛r✐s❛t✐♦♥ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❞✉ ♣❤♦t♦♥ ✈✐rt✉❡❧✳
❯♥❡ ♣r❡♠✐èr❡ ♠❡s✉r❡ ❡♥ ❛ été ❢❛✐t❡ ♣❛r ❧❛ ❝♦❧❧❛❜♦r❛t✐♦♥ ❍✶ ❬❆❛r✵✾❜❪✳ ❙❛ ❝♦♥tr✐❜✉t✐♦♥ à ❧❛
s❡❝t✐♦♥ ❡✣❝❛❝❡ ❡st ❢❛✐❜❧❡ ❞❛♥s ❧❛ ♠❛❥♦r✐té ❞❡ ❧✬❡s♣❛❝❡ ❞❡ ♣❤❛s❡ ❛❝❝❡ss✐❜❧❡ ❡①♣ér✐♠❡♥t❛❧❡✲
♠❡♥t✱ ❡♥ ♣❛rt✐❝✉❧✐❡r à ❜❛s y✱ ❡t ❡❧❧❡ ♣❡✉t ❞♦♥❝ êtr❡ ♥é❣❧✐❣é❡ ♣❛r ❧❛ s✉✐t❡✳
✸✳✷✳✷ ▼❡s✉r❡s ❡①♣ér✐♠❡♥t❛❧❡s
P❧✉s✐❡✉rs ♠ét❤♦❞❡s ❡①♣ér✐♠❡♥t❛❧❡s ♣❡✉✈❡♥t êtr❡ ✉t✐❧✐sé❡s ♣♦✉r sé❧❡❝t✐♦♥♥❡r ❧❡s é✈é♥❡✲
♠❡♥ts ❞❡ ❉❉■❙✳ ❯♥❡ ♣r❡♠✐èr❡ ♠ét❤♦❞❡ ❝♦♥s✐st❡ à ❞ét❡❝t❡r ❧❡ ♣r♦t♦♥ ❞❛♥s ❧✬ét❛t ✜♥❛❧ à
❧✬❛✐❞❡ ❞❡ ❞ét❡❝t❡✉rs ♣♦s✐t✐♦♥♥és très ♣rès ❞✉ ❢❛✐s❝❡❛✉✱ ❛✜♥ ❞❡ ❞ét❡❝t❡r ❧❡ ♣r♦t♦♥ ❞✐✛✉sé à
❜❛s ❛♥❣❧❡✳ ▲✬❛✈❛♥t❛❣❡ ❞❡ ❝❡tt❡ ♠ét❤♦❞❡ ❡st q✉❡ ❧❛ ❝✐♥é♠❛t✐q✉❡ ❝♦♠♣❧èt❡ ❞❡ ❧❛ ré❛❝t✐♦♥✱
♣❛r ❧❛ ♠❡s✉r❡ ❞❡ t✱ ♣❡✉t êtr❡ ♦❜t❡♥✉❡✳ ❈❡tt❡ ♠ét❤♦❞❡ ❡st ❛✉ss✐ très ♣r♦♣r❡✱ ❧❛ ❞ét❡❝t✐♦♥ ❞✉
♣r♦t♦♥ é❧✐♠✐♥❛♥t t♦✉t ❜r✉✐t ❞❡ ❢♦♥❞ ♣♦ss✐❜❧❡ ✈❡♥❛♥t ❞❡ ♣r♦❝❡ss✉s ♦ù ❧❡ ♣r♦t♦♥ ❛✉r❛✐t été
❞✐ss♦❝✐é✳ ▲❛ ♣ré❝✐s✐♦♥ st❛t✐st✐q✉❡ ❞❡ ❝❡tt❡ ♠ét❤♦❞❡ ❡st ❝❡♣❡♥❞❛♥t ❧✐♠✐té❡✱ ❞✉❡ à ❧❛ ❢❛✐❜❧❡
❛❝❝❡♣t❛♥❝❡ ❞❡s ❞ét❡❝t❡✉rs ❞❡ ♣r♦t♦♥✳
❉✬❛✉tr❡s ♠ét❤♦❞❡s ❞❡ sé♣❛r❛t✐♦♥ ❞❡s é✈é♥❡♠❡♥ts ❞❡ ❉❉■❙ ❡t ❞❡ ❉■❙ q✉✐ s♦♥t ❜❛sé❡s s✉r
❞❡s ❝❛r❛❝tér✐st✐q✉❡s ❞✐✛ér❡♥t❡s ❞✉ s②stè♠❡ ❤❛❞r♦♥✐q✉❡ X ❞❛♥s ❝❡s ❞❡✉① t②♣❡s ❞✬é✈é♥❡♠❡♥ts
s♦♥t ❛❧♦rs ❡♠♣❧♦②é❡s✳ ▲❛ ♠ét❤♦❞❡ ❞✐t❡ ▲❘● ✭♣♦✉r ❧❛r❣❡ r❛♣✐❞✐t② ❣❛♣✮ ❝♦♥s✐st❡ à sé❧❡❝t✐♦♥♥❡r
❧❡s é✈é♥❡♠❡♥ts ♣♦ssé❞❛♥t ✉♥ s②stè♠❡ ❤❛❞r♦♥✐q✉❡ ❛✈❡❝ ✉♥ ❣r❛♥❞ ✐♥t❡r✈❛❧❧❡ ❡♥ r❛♣✐❞✐té à
❧✬❛✈❛♥t✳ ❆✉❝✉♥ s✐❣♥❛❧ ♥❡ ❞♦✐t ❛❧♦rs êtr❡ ♣rés❡♥t ❞❛♥s ❧❛ ré❣✐♦♥ ❛✈❛♥t ❞✉ ❞ét❡❝t❡✉r✳ ❈❡tt❡
❝♦♥❞✐t✐♦♥ ✐♠♣♦s❡ q✉❡ ❧❡s s②stè♠❡s X ❡t Y s♦✐❡♥t ❛❧♦rs ❜✐❡♥ sé♣❛rés✱ ❧❡ s②stè♠❡ X ét❛♥t
❝♦♥t❡♥✉ ❞❛♥s ❧❡ ❞ét❡❝t❡✉r ❝❡♥tr❛❧ ❡t ❧❡ s②stè♠❡ Y ét❛♥t ♥♦♥ ♦❜s❡r✈é ❡t ❞✐✛✉sé ❞❛♥s ❧❡
t✉❜❡ à ✈✐❞❡✳ ❯♥❡ s❡❝♦♥❞❡ ♠ét❤♦❞❡✱ ❞✐t❡ ♠ét❤♦❞❡ MX ✱ s❡ ❜❛s❡ s✉r ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ❢♦r♠❡
❞✉ s♣❡❝tr❡ ❡♥ MX ❛tt❡♥❞✉❡ ♣♦✉r ❞❡s é✈é♥❡♠❡♥ts ❞❡ ❉❉■❙ ❡t ❞❡ ❉■❙✳ ❈❡s ❞❡✉① ♠ét❤♦❞❡s
♣❡r♠❡tt❡♥t ❞❡ ❝♦✉✈r✐r ✉♥ ❧❛r❣❡ ❡s♣❛❝❡ ❞❡ ♣❤❛s❡ ❛✈❡❝ ✉♥❡ ❜♦♥♥❡ ♣ré❝✐s✐♦♥ st❛t✐st✐q✉❡✳ P❛r
❝♦♥tr❡ ❧✬❡st✐♠❛t✐♦♥ ❞✉ ❜r✉✐t ❞❡ ❢♦♥❞ rés✐❞✉❡❧ ❞❡ ❉■❙ ❡st ♣❧✉s ❞✐✣❝✐❧❡✱ ❝❡ q✉✐ ♣❡✉t ❝♦♥❞✉✐r❡
à ❞❡ ❣r❛♥❞❡s ✐♥❝❡rt✐t✉❞❡s s②sté♠❛t✐q✉❡s✳
✸✳✷ ✲ ▲❛ ❞✐✛r❛❝t✐♦♥ ✐♥❝❧✉s✐✈❡ ✸✸
xIP
x
IP
s
r D
(3)
H1 data 97
H1 data 99-00 (prelim.)
H1 data 2004 (prelim.)
Q2 [GeV2]
12
15
20
25
35
45
60
90
b =0.01 b =0.04 b =0.1 b =0.2 b =0.4 b =0.65
H
1 
Co
lla
bo
ra
tio
n
0
0.05
0
0.05
0
0.05
0
0.05
0
0.05
0
0.05
0
0.05
0
0.05
10
-3
10
-3
10
-3
10
-3
10
-3
10
-3
❋✐❣✉r❡ ✸✳✸ ✿ ❙❡❝t✐♦♥s ❡✣❝❛❝❡s ré❞✉✐t❡s xIPσ
D
r (3) ♦❜t❡♥✉❡s à ♣❛rt✐r ❞❡s ❞♦♥♥é❡s
❞❡ ❍✶ ❞❡ 1997 ❬❆❦t✵✻❝❪ ❡t ❞❛♥s ✉♥❡ ❛♥❛❧②s❡ ♣ré❧✐♠✐♥❛✐r❡ ré❝❡♥t❡ ❞❡s ❞♦♥♥é❡s
❞❡ 1999 à 2004 ❬❆❦t✵✻❜❪✳
▲❡s s❡❝t✐♦♥s ❡✣❝❛❝❡s ♠❡s✉ré❡s s♦♥t ❤❛❜✐t✉❡❧❧❡♠❡♥t ♣rés❡♥té❡s s♦✉s ❧❛ ❢♦r♠❡ ❞❡ s❡❝t✐♦♥s
❡✣❝❛❝❡s ré❞✉✐t❡s✱ σ
D(3)
r ✿
σD(3)r (x,Q
2, xIP ) =
xQ4
2πα2em
1
1 + (1− y)2
d3σep→eXY
dxIPdQ2dx
. ✭✸✳✹✮
▲❛ ♠❡s✉r❡ ❞❡ σ
D(3)
r ❡✛❡❝t✉é❡ ♣❛r ❍✶ ❛✈❡❝ ❧❛ ♠ét❤♦❞❡ ▲❘● ❡st ♣rés❡♥té❡ ❞❛♥s ❧❛ ✜❣✉r❡ ✸✳✸✱
q✉✐ ❝♦♠♣❛r❡ ❧❡s rés✉❧t❛ts ♦❜t❡♥✉s à ♣❛rt✐r ❞❡s ❞♦♥♥é❡s ❡♥r❡❣✐stré❡s ❡♥ 1997 ❬❆❦t✵✻❝❪ ❡t
❞❡ 1999 à 2004 ❬❆❦t✵✻❜❪✳ ❈❡ ❧♦t ❞✬é✈é♥❡♠❡♥ts ❞✐✛r❛❝t✐❢s sé❧❡❝t✐♦♥♥és ❝♦rr❡s♣♦♥❞ ❛❧♦rs à
❡♥✈✐r♦♥ 10✪ ❞✉ ♥♦♠❜r❡ t♦t❛❧ ❞✬é✈é♥❡♠❡♥ts ✐♥❝❧✉s✐❢s✳ ❈❡❝✐ ❡st ✐❧❧✉stré ❞❛♥s ❧❛ ✜❣✉r❡ ✸✳✹
q✉✐ ♣rés❡♥t❡ ❧❡ r❛♣♣♦rt σdiff/σtot ❡♥ ❢♦♥❝t✐♦♥ ❞❡ x ❡t ❞❡ Q2✳ ◆♦✉s ♦❜s❡r✈♦♥s ❛❧♦rs q✉❡ ❝❡
r❛♣♣♦rt r❡st❡ ❜✐❡♥ ❝♦♥st❛♥t ❡♥ ❢♦♥❝t✐♦♥ ❞❡ x ❡t ❞❡ Q2✳
✸✹ ❈❤❛♣✐tr❡ ✸ ✲ ▲❛ ❝♦♠♣❧❡①✐té ❞❛♥s ❧❡ ♠♦❞è❧❡ st❛♥❞❛r❞ ✿ ✐♥t❡r❛❝t✐♦♥s ❞✐✛r❛❝t✐✈❡s
xBj
s
di
ff(b
in 
b
)/s
to
t
b =0.40H1 data 99-00 (prelim.)
H
1 
Co
lla
bo
ra
tio
n
0
0.01
0.02
0.03 Q2=15 GeV2 Q2=20 GeV2
0
0.01
0.02
0.03 Q2=25 GeV2 Q2=35 GeV2
0
0.01
0.02
0.03
10 -4 10 -3 10 -2
Q2=45 GeV2
10 -4 10 -3 10 -2
Q2=60 GeV2
❋✐❣✉r❡ ✸✳✹ ✿ ❊✈♦❧✉t✐♦♥ ❞✉ r❛♣✲
♣♦rt σdiff/σtot ❡♥ ❢♦♥❝t✐♦♥ ❞❡ x ❡t
❞❡ Q2✱ à β = 0.4 ✜①é✳
✸✳✷✳✸ ■♥t❡r♣rét❛t✐♦♥s ♣❤é♥♦♠é♥♦❧♦❣✐q✉❡s
✸✳✷✳✸✳✶ ▲❡s ❞❡♥s✐tés ❞✐✛r❛❝t✐✈❡s ❞❡ ♣❛rt♦♥s
▲❛ ♣r♦♣r✐été ❞❡ ❢❛❝t♦r✐s❛t✐♦♥ ❝♦❧✐♥é❛✐r❡✱ ♣r♦✉✈é❡ ♣♦✉r ❧❡ ❉❉■❙ ❬❈♦❧✾✽❪✱ ♣❡r♠❡t ❞✬❡①✲
♣r✐♠❡r F
D(3)
2 ❡♥ t❡r♠❡ ❞❡ ❢♦♥❝t✐♦♥s ❞❡ ❞✐str✐❜✉t✐♦♥s ❞✐✛r❛❝t✐✈❡s ❞❡ ♣❛rt♦♥s ✭❉P❉❋✮✱ f
D
i ✱
q✉✐ s♦♥t ✐♥❞é♣❡♥❞❛♥t❡s ❞✉ ♣r♦❝❡ss✉s ❞✉r✳ ▲❡s ❉P❉❋s s✬✐♥t❡r♣rèt❡♥t✱ ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ♦ù
❧✬✐♠♣✉❧s✐♦♥ ❞✉ ♣r♦t♦♥ ❡st ✐♥✜♥✐❡✱ ❝♦♠♠❡ ❧❛ ♣r♦❜❛❜✐❧✐té ❝♦♥❞✐t✐♦♥♥❡❧❧❡ ❞❡ tr♦✉✈❡r ❞❛♥s ❧❡
♣r♦t♦♥ ✉♥ ♣❛rt♦♥ ❛②❛♥t ✉♥❡ ❢r❛❝t✐♦♥ ❞❡ s♦♥ ✐♠♣✉❧s✐♦♥ x = βxIP ❡t s♦✉s ❧❛ ❝♦♥❞✐t✐♦♥ q✉❡ ❧❡
♣r♦t♦♥ r❡st❡ ✐♥t❛❝t ❡t ♣❡r❞❡ ✉♥❡ ❢r❛❝t✐♦♥ xIP ❞❡ s♦♥ ✐♠♣✉❧s✐♦♥✳ ▲❛ ❞é♣❡♥❞❛♥❝❡ ❡♥ Q
2 ❞❡s
❉P❉❋s ❡st ❣♦✉✈❡r♥é❡ ♣❛r ❧❡s éq✉❛t✐♦♥s ❞✬é✈♦❧✉t✐♦♥ ❉●▲❆P✳ ❉❛♥s ❧❡s éq✉❛t✐♦♥s ❞✬é✈♦❧✉✲
t✐♦♥✱ s❡✉❧s ❧❡s ♣❛r❛♠ètr❡s (β,Q2) ❥♦✉❡♥t ✉♥ rô❧❡✱ ❧❡s ✈❛r✐❛❜❧❡s (xIP , t) ét❛♥t ❞❡s ♣❛r❛♠ètr❡s
❡①t❡r♥❡s✳ ❆✐♥s✐✱ ✉♥❡ ♠♦❞é❧✐s❛t✐♦♥ ❛❞❞✐t✐♦♥♥❡❧❧❡ ❞❡ ❧❛ ❞é♣❡♥❞❛♥❝❡ ❡♥ (xIP , t) ❞❡s ❉P❉❋s ❡st
♥é❝❡ss❛✐r❡✳ P♦✉r ❝❡❝✐✱ ❧✬✐❞é❡ ❞❡ ❧✬é❝❤❛♥❣❡ ❞✬✉♥ ♣♦♠❡r♦♥✱ ❛✉ s❡♥s ❞❡ ❧❛ t❤é♦r✐❡ ❞❡ ❘❡❣❣❡✱
♣♦✉r ❡①♣❧✐q✉❡r ❧❛ ♥❛t✉r❡ ❞✐✛r❛❝t✐✈❡ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥✱ ❡st ❡♥❝♦r❡ ✉t✐❧✐sé❡✳ ❉❛♥s ❧❡ ♠♦❞è❧❡ ❞❡
❧❛ ❞✐✛r❛❝t✐♦♥ ❞✉r❡ ♣r♦♣♦sé ❛❧♦rs ♣❛r ■♥❣❡❧♠❛♥ ❡t ❙❝❤❧❡✐♥ ❬■♥❣✽✺❪✱ ❧✬é❝❤❛♥❣❡ ❞✬✉♥ ♣♦♠❡r♦♥
❡♥tr❡ ❧❡ s②stè♠❡ ❞✐✛r❛❝t✐❢ ❡t ❧❡ ♣r♦t♦♥ ❡st ❝♦♠❜✐♥é ❛✉ ❝♦♥❝❡♣t ◗❈❉ ❞✬é✈♦❧✉t✐♦♥ ❉●▲❆P
❞❡ ❞✐str✐❜✉t✐♦♥s ❞❡ ♣❛rt♦♥s✳ ▲❡s ❉P❉❋s s♦♥t ❛❧♦rs ❞é❝♦♠♣♦sé❡s ❡♥ ✉♥ ✢✉① ❞❡ ♣♦♠❡r♦♥
f(xIP , t) ❡t ❞❡s ❢♦♥❝t✐♦♥s ❞❡ ❞✐str✐❜✉t✐♦♥ ❞❡ ♣❛rt♦♥s ❞✉ ♣♦♠❡r♦♥✱ f
IP
i (β,Q
2) ✿
fDi (xIP , t; β,Q
2) = f(xIP , t) f
IP
i (β,Q
2) . ✭✸✳✺✮
▲✬é❝❤❛♥❣❡ ❞❡ ♣♦♠❡r♦♥ ❡st ❞é❝r✐t ♣❛r ✉♥ ♣ô❧❡ ❞❡ ❘❡❣❣❡ ❛✈❡❝ ✉♥❡ tr❛❥❡❝t♦✐r❡ ❧✐♥é❛✐r❡ ✿
αIP (t) = αIP (0) + α
′t , ✭✸✳✻✮
❛✈❡❝ ❧✬✐♥t❡r❝❡♣t αIP (0) ≥ 1✳
▲❡ ✢✉① ❞❡ ♣♦♠❡r♦♥ s✬❡①♣r✐♠❡ ❛❧♦rs ✿
f(xIP , t) =
B2(t)
8π2
x
1−2αIP (1)
IP , ✭✸✳✼✮
B(t) ét❛♥t ❧❡ ❢❛❝t❡✉r ❞❡ ❢♦r♠❡ é❧❡❝tr♦♠❛❣♥ét✐q✉❡ ❞❡ ❉✐r❛❝ ❞✉ ♣r♦t♦♥✳ ❈❡tt❡ ❢❛❝t♦r✐s❛t✐♦♥
✭✸✳✺✮✱ q✉✐ r❡st❡ ❡♠♣✐r✐q✉❡ ❡t ♥♦♥ ❝♦♠♣❧èt❡♠❡♥t ♣r♦✉✈é❡ ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t✱ ❡st ❞é♥♦♠♠é❡
❢❛❝t♦r✐s❛t✐♦♥ ❞❡ ❘❡❣❣❡✳ ▲❡s ❞❡✉① ❢❛❝t♦r✐s❛t✐♦♥s✱ ❝♦❧✐♥é❛✐r❡ ❡t ❞❡ ❘❡❣❣❡✱ s♦♥t r❡♣rés❡♥té❡s
s❝❤é♠❛t✐q✉❡♠❡♥t ❞❛♥s ❧❛ ✜❣✉r❡ ✸✳✺✳
✸✳✷ ✲ ▲❛ ❞✐✛r❛❝t✐♦♥ ✐♥❝❧✉s✐✈❡ ✸✺
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❋✐❣✉r❡ ✸✳✺ ✿ ❉✐❛❣r❛♠♠❡s s❝❤é♠❛t✐q✉❡s r❡♣rés❡♥t❛♥t ❧❡s ❞❡✉① ❢❛❝t♦r✐s❛t✐♦♥s
❝♦❧✐♥é❛✐r❡ ✭❛✮ ❡t ❞❡ ❘❡❣❣❡ ✭❜✮✳
▼❛❧❣ré ❧❡s ♣r♦❜❧è♠❡s ❝♦♥❝❡♣t✉❡❧s ❞❡ ❝❡ ♠♦❞è❧❡✱ ❧❡ ♣♦♠❡r♦♥ ♥✬ét❛♥t ♣❛s ✉♥❡ ♣❛rt✐❝✉❧❡✱
❝❡tt❡ ✐❞é❡ s✬❡st ré✈é❧é❡ êtr❡ ❜✐❡♥ ❛❞❛♣té❡ ♣♦✉r ❞é❝r✐r❡ ❧❡s ❞♦♥♥é❡s✳ ❈❡tt❡ ♣❛r❛♠étr✐s❛t✐♦♥ ❡♥
t❡r♠❡s ❞❡ ❉P❉❋s ❝♦♠❜✐♥é❡ à ✉♥ ✢✉① ❞❡ ♣♦♠❡r♦♥ ❢♦✉r♥✐t ✉♥❡ ❞❡s ♠❡✐❧❧❡✉r❡s ❞❡s❝r✐♣t✐♦♥s
❞❡s s❡❝t✐♦♥s ❡✣❝❛❝❡s ❞❡ ❉❉■❙ s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡ ❧✬❡s♣❛❝❡ ❞❡ ♣❤❛s❡ ❛❝❝❡ss✐❜❧❡ ❬❘♦②✵✼❪✳
❯♥ ❞❡s rés✉❧t❛ts ✐♠♣♦rt❛♥ts ❞❡ ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡s ❉P❉❋s ❡st q✉✬✉♥❡ très ❣r❛♥❞❡
❢r❛❝t✐♦♥ ❞❡ ❧✬✐♠♣✉❧s✐♦♥ é❝❤❛♥❣é❡ ❞❛♥s ❧❛ ré❛❝t✐♦♥ ❡st ♣♦rté❡ ♣❛r ❧❡s ❣❧✉♦♥s✱ ❞❡ ❧✬♦r❞r❡ ❞❡
70 à 80✪✳ ❈❡❝✐ ♥✬❡st ♣❛s s✉r♣r❡♥❛♥t✱ ét❛♥t ❞♦♥♥é q✉❡ x = βxIP ❡t q✉❡ xIP < 0.01✱ ❧❡s
♣❛rt♦♥s ❛❧♦rs ✐♠♣❧✐q✉és ❞❛♥s ❧❡s ré❛❝t✐♦♥s ❞❡ ❞✐✛r❛❝t✐♦♥ s♦♥t ❞❡ ❜❛s x✳ ❯♥❡ ❛✉tr❡ ❢❛ç♦♥
❞✬✐♥t❡r♣rét❡r ❝❡ rés✉❧t❛t ❡st ❞✬ét✉❞✐❡r à ♣❛rt✐r ❞❡s ❉P❉❋s ❧❛ ♣r♦❜❛❜✐❧✐té ❞✬♦❝❝✉rr❡♥❝❡ ❞❡
❧❛ ❞✐✛✉s✐♦♥ ❞✐✛r❛❝t✐✈❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t②♣❡ ❞❡ ♣❛rt♦♥ ♣❛rt✐❝✐♣❛♥t à ❧✬✐♥t❡r❛❝t✐♦♥ ❞✉r❡✳ ■❧
❡st ❛❧♦rs ♣♦ss✐❜❧❡ ❞❡ ❞ét❡r♠✐♥❡r q✉❡✱ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ Q2✱ ❡♥✈✐r♦♥ 60 à 80✪ ❞❡s ✐♥t❡r❛❝t✐♦♥s
❞✐✛r❛❝t✐✈❡s s♦♥t ♣r♦❞✉✐t❡s ♣❛r ❞❡s ❣❧✉♦♥s ❞✉ ♣r♦t♦♥ ❬❋r❛✾✾❪✳
▲❛ ✈❛❧✐❞✐té ❞❡ ❝❡tt❡ ❞é✜♥✐t✐♦♥ ❞❡s ❉P❉❋s r❡♣♦s❡ ❜✐❡♥ sûr s✉r ❧❛ ❢❛❝t♦r✐s❛t✐♦♥ ❞❡ ❘❡❣❣❡
❡t ❞♦♥❝ s✉r ❧✬❛❜s❡♥❝❡ ❞❡ ❞é♣❡♥❞❛♥❝❡ ❡♥ Q2 ♦✉ β ❞✉ ✢✉① ❞❡ ♣♦♠❡r♦♥✳ ❈❡❝✐ ♣❡✉t êtr❡ t❡sté
❡♥ ♠❡s✉r❛♥t ❧✬✐♥t❡r❝❡♣t αIP (0) ♣♦✉r ❞✐✛ér❡♥ts ❞♦♠❛✐♥❡s ❞❡ Q
2 ♦✉ β ♣❛r ✉♥ ❛❥✉st❡♠❡♥t ❞❡ ❧❛
❢♦r♠✉❧❡ ✭✸✳✺✮ s✉r ❧❡s ❞♦♥♥é❡s✱ f IPi (β,Q
2) ét❛♥t ✜①é ♣❛r ❧❡s ❉P❉❋s✳ ❯♥❡ t❡❧❧❡ ♠❡s✉r❡ ré❝❡♥t❡
❞❡ ❧❛ ❞é♣❡♥❞❛♥❝❡ ❡♥ Q2 ❞❡ αIP (0) ❡st ♣rés❡♥té❡ ❞❛♥s ❧❛ ✜❣✉r❡ ✸✳✻✳ ❆✉❝✉♥❡ ❞é♣❡♥❞❛♥❝❡
s✐❣♥✐✜❝❛t✐✈❡ ❞❡ αIP (0) ❛✈❡❝ Q
2 ♥✬❡st ♦❜s❡r✈é❡✱ ❞❛♥s ❧❛ ❧✐♠✐t❡ ❞❡ ❧❛ ♣ré❝✐s✐♦♥ ❡①♣ér✐♠❡♥t❛❧❡
❛❝t✉❡❧❧❡✳ ❈❡tt❡ ♠❡s✉r❡ ❛ été ❡✛❡❝t✉é❡ à ♣❛rt✐r ❞✉ ❧♦t ❞❡ ❞♦♥♥é❡s ❞✐s♣♦s❛♥t à ❧✬❤❡✉r❡ ❛❝t✉❡❧❧❡
❞❡ ❧❛ ♠❡✐❧❧❡✉r❡ ♣ré❝✐s✐♦♥ st❛t✐st✐q✉❡✳ ◆♦✉s ✈♦②♦♥s q✉❡ ❝❡❧❧❡✲❝✐ r❡st❡ t♦✉t❡❢♦✐s ❧✐♠✐té❡ ❡t ✐❧
s❡r❛✐t ❞♦♥❝ ✐♥tér❡ss❛♥t ❞✬✐♥❝❧✉r❡ ❞❡ ♥♦✉✈❡❧❧❡s ❞♦♥♥é❡s✱ ♥♦t❛♠♠❡♥t à ❣r❛♥❞ Q2✱ ❛✜♥ ❞❡
♠✐❡✉① ❝♦♥tr❛✐♥❞r❡ ❧❛ ✈❛❧❡✉r ❞❡ αIP (0)✳ ❈❡❝✐ ♣♦✉rr❛ s❡ ❢❛✐r❡ ♣❛r ❧✬❛♥❛❧②s❡ ❞❡s ❞♦♥♥é❡s ❞❡ ❧❛
♣❤❛s❡ ❍❊❘❆ ■■✱ q✉✐ r❡st❡ ❡♥❝♦r❡ à ré❛❧✐s❡r✳
❈❡tt❡ ❛♣♣r♦❝❤❡ ❡♥ t❡r♠❡s ❞❡ ❉P❉❋s ♥✬❛♣♣♦rt❡ ❝❡♣❡♥❞❛♥t ❛✉❝✉♥❡ ❡①♣❧✐❝❛t✐♦♥ s✉r ❧❛
♥❛t✉r❡ ré❡❧❧❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s ❞✐✛r❛❝t✐✈❡s✳ ❙♦♥ ✉♥✐q✉❡ ✐♥térêt rés✐❞❡ ❞❛♥s ❧❡ ❢❛✐t q✉❡ ❧❡s
❉P❉❋s✱ ❞❡ ❧❛ ♠ê♠❡ ♠❛♥✐èr❡ q✉❡ ❧❡s P❉❋s✱ s♦♥t ❞❡s ❢♦♥❝t✐♦♥s ✐♥❞é♣❡♥❞❛♥t❡s ❞✉ ♣r♦❝❡ss✉s
❝♦♥s✐❞éré ❡t ♣♦✉rr❛✐❡♥t ❞♦♥❝ êtr❡ ✉t✐❧✐sé❡s ♣♦✉r ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞✉ t♦✉t ♣r♦❝❡ss✉s ❞✐✛r❛❝t✐❢
❞❛♥s ❧❡sq✉❡❧s ❧❛ ❢❛❝t♦r✐s❛t✐♦♥ ❝♦❧✐♥é❛✐r❡ ❞✉r❡ ♣❡✉t s✬❛♣♣❧✐q✉❡r✳ ❆✐♥s✐✱ ❝❡❝✐ s❡ ✈ér✐✜❡ ❜✐❡♥
❡♥ ❝♦❧❧✐s✐♦♥s ep✱ ♦ù ❧❡s ❉P❉❋s ❡①tr❛✐t❡s ❞❡s ✐♥t❡r❛❝t✐♦♥s ❞❡ ❉❉■❙ ✐♥❝❧✉s✐✈❡s s♦♥t ✉t✐❧✐sé❡s
❛✈❡❝ s✉❝❝ès ♣♦✉r ❞é❝r✐r❡ ❞❡s ♣r♦❝❡ss✉s ❞✐✛r❛❝t✐❢s ♣❧✉s ❡①❝❧✉s✐❢s✱ ❝♦♠♠❡ ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡
❥❡ts ❬❆❦t✵✼❜❪ ♦✉ ❧❛ ♣r♦❞✉❝t✐♦♥ ❞✐✛r❛❝t✐✈❡ ❞❡ q✉❛r❦s ❧♦✉r❞s ❬❆❦t✵✼❛❪✳
▲❡s ❉P❉❋s ♠❡s✉ré❡s à ❍❊❘❆ ♥❡ s♦♥t ❝❡♣❡♥❞❛♥t ♣❛s ❞✐r❡❝t❡♠❡♥t ✉t✐❧✐s❛❜❧❡s ♣♦✉r ❞é✲
❝r✐r❡ ❧❡s ❞♦♥♥é❡s ❞❡ ❝♦❧❧✐s✐♦♥s ❞✐✛r❛❝t✐✈❡s ❤❛❞r♦♥✲❤❛❞r♦♥✳ ❊♥ ❡✛❡t✱ à ❝❛✉s❡ ❞✬✐♥t❡r❛❝t✐♦♥s
❡♥tr❡ ❧❡s ♣❛rt♦♥s s♣❡❝t❛t❡✉rs ❞❡s ❤❛❞r♦♥s ❡♥ ❝♦❧❧✐s✐♦♥s✱ ❧❛ ❢❛❝t♦r✐s❛t✐♦♥ ❝♦❧✐♥é❛✐r❡ ♥❡ s✬❛♣✲
♣❧✐q✉❡ ♣❛s ❛✉① ❝♦❧❧✐s✐♦♥s ❤❛❞r♦♥s✲❤❛❞r♦♥s ❬❲✉s✾✾❪✳ ❈❡s ❡✛❡ts ♣❡✉✈❡♥t ❝❡♣❡♥❞❛♥t êtr❡ ♠♦✲
✸✻ ❈❤❛♣✐tr❡ ✸ ✲ ▲❛ ❝♦♠♣❧❡①✐té ❞❛♥s ❧❡ ♠♦❞è❧❡ st❛♥❞❛r❞ ✿ ✐♥t❡r❛❝t✐♦♥s ❞✐✛r❛❝t✐✈❡s
0.9
0.95
1
1.05
1.1
1.15
1.2
1.25
1.3
10 10 2
ZEUS
Q2 (GeV2)
a
IP
(0) ZEUS LRG 62 pb-1
ZEUS FPC I
ZEUS FPC II
ZEUS LPS 33 pb-1
Regge fit LPS+LRG
❋✐❣✉r❡ ✸✳✻ ✿ ▲✬✐♥t❡r❝❡♣t ❞✉
♣♦♠❡r♦♥✱ αIP (0) ❡♥ ❢♦♥❝t✐♦♥
❞❡ Q2 ❞ét❡r♠✐♥é à ♣❛rt✐r ❞❡s
❞✐✛ér❡♥ts ❧♦ts ❞❡ ❞♦♥♥é❡s ❡①✐s✲
t❛♥ts ❞❡ ❧✬❡①♣ér✐❡♥❝❡ ❩❊❯❙
✭❞✬❛♣rès ❬❈❤❡✵✾❛❪✮✳
❞é❧✐sés ♣❛r ❧✬✐♥tr♦❞✉❝t✐♦♥ ❞✬✉♥❡ ❢❛❝t❡✉r ❛❞❞✐t✐♦♥♥❡❧ ❞❡ ♣r♦❜❛❜✐❧✐té ❞❡ s✉r✈✐❡ ❞❡ ❧✬✐♥t❡r✈❛❧❧❡
❡♥ r❛♣✐❞✐té ✭r❛♣✐❞✐t② ❣❛♣ s✉r✈✐✈❛❧ ♣r♦❜❛❜✐❧✐t②✮✳ ❆✐♥s✐✱ ❧❡s ❉P❉❋s ❞ét❡r♠✐♥é❡s à ❍❊❘❆ ♣♦✉r✲
r❛✐❡♥t r❡st❡r ✉♥ ✐♥❣ré❞✐❡♥t ❡ss❡♥t✐❡❧ ❞❛♥s ❧✬ét✉❞❡ ❞❡s ♣r♦❝❡ss✉s ❞✐✛r❛❝t✐❢s ❛✉ ❚❡✈❛tr♦♥ ♣✉✐s
❛✉ ▲❍❈✳
✸✳✷✳✸✳✷ ▲❡ ♠♦❞è❧❡ ❞❡ ❞✐♣ô❧❡
■❧ ❡st ♣♦ss✐❜❧❡ ❞✬♦❜t❡♥✐r ✉♥❡ ❜♦♥♥❡ ❞❡s❝r✐♣t✐♦♥ ❞❡s ❞♦♥♥é❡s ❞❡ ❉❉■❙ ❛✈❡❝ ❧❡s ❉P❉❋s ❛✉
t✇✐st ❞♦♠✐♥❛♥t✳ ❈❡♣❡♥❞❛♥t✱ ❝❡tt❡ ❛♣♣r♦❝❤❡ ♥❡ ♣❡r♠❡t ♣❛s ❞✬❡①♣❧✐q✉❡r ❧✬♦❜s❡r✈❛t✐♦♥ ❡①♣é✲
r✐♠❡♥t❛❧❡ ❢♦♥❞❛♠❡♥t❛❧❡ q✉❡ ❧❡ r❛♣♣♦rt σdiff/σtot r❡st❡ ♣r❛t✐q✉❡♠❡♥t ❝♦♥st❛♥t ❡♥ ❢♦♥❝t✐♦♥
❞❡ ❧✬é♥❡r❣✐❡ W ✳ ▲❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡ ❝❡ ♣❤é♥♦♠è♥❡ ❡st ❢♦✉r♥✐❡ ♣❛r ❧❡ ♠♦❞è❧❡ ❞❡ ❞✐♣ô❧❡✳
❉❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❞✉ ♣r♦t♦♥ ❛✉ r❡♣♦s✱ à ❜❛s x✱ ❧❡ ♣❤♦t♦♥ ✢✉❝t✉❡ ❡♥ ✉♥❡ ♣❛✐r❡ q✉❛r❦✲
❛♥t✐q✉❛r❦ q✉✐ ❞✐✛✉s❡ ❡♥s✉✐t❡ s✉r ❧❡ ♣r♦t♦♥ ♣❛r é❝❤❛♥❣❡ ❞❡ ❞❡✉① ❣❧✉♦♥s✱ ❞❛♥s ❧❛ ❞❡s❝r✐♣t✐♦♥
❧❛ ♣❧✉s s✐♠♣❧❡✳ ▲❡ ❝♦♥t❡♥✉ ♣❛rt♦♥✐q✉❡ qq¯ ❞✉ ♣❤♦t♦♥ ✈✐rt✉❡❧ ❡st ❛❧♦rs ❞é❝r✐t ❡♥ t❡r♠❡s ❞❡
❢♦♥❝t✐♦♥s ❞✬♦♥❞❡ ❞❛♥s ❧❡ ❝ô♥❡ ❞❡ ❧✉♠✐èr❡✳
❈❡ ♠é❝❛♥✐s♠❡ ♠❡♥❛♥t à ❧❛ ❞✐ss♦❝✐❛t✐♦♥ ❞✉ ♣❤♦t♦♥✱ ♣✉✐s à s♦♥ ✐♥t❡r❛❝t✐♦♥ ❛✈❡❝ ❧❡ ♣r♦t♦♥
♣❡✉t êtr❡ ❢❛❝t♦r✐sé ❡t ❞é❝r✐t ♣❛r ✉♥❡ ❝♦♥✈♦❧✉t✐♦♥ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞✬♦♥❞❡ ❞✉ ♣❤♦t♦♥ ❡t ❞✬✉♥❡
s❡❝t✐♦♥ ❡✣❝❛❝❡ q✉❛r❦✲❛♥t✐q✉❛r❦✳ ❉❛♥s ❧❡ ❝❛s ❞✉ ❉■❙✱ ❝❡❝✐ ❝♦♥❞✉✐t à ❧✬❡①♣r❡ss✐♦♥ s✉✐✈❛♥t❡
♣♦✉r ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ γ∗p ❡t ❧❛ ❢♦♥❝t✐♦♥ ❞❡ str✉❝t✉r❡ F2 ✿
F2(x,Q
2) =
Q2
4π2αem
(σT + σL) , ✭✸✳✽✮
σT,L(x,Q
2) =
∫
dzd2r
∣∣ΨL,T (z, r, Q2)∣∣2 σˆ(x, r) , ✭✸✳✾✮
♦ù ΨL,T s♦♥t ❧❡s ❢♦♥❝t✐♦♥s ❞✬♦♥❞❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❡t tr❛♥s✈❡rs❡ ❞✉ ♣❤♦t♦♥ ❞❛♥s ❧❡ ❝ô♥❡ ❞❡
❧✉♠✐èr❡✱ ❝❛❧❝✉❧❛❜❧❡s ♣ré❝✐sé♠❡♥t ❡♥ ◗❊❉✱ r ❡st ❧❛ t❛✐❧❧❡ tr❛♥s✈❡rs❡ ❞✉ ❞✐♣ô❧❡ ❡t z ❧❛ ❢r❛❝✲
t✐♦♥ ❞✬✐♠♣✉❧s✐♦♥ ❞✉ ♣❤♦t♦♥✳ ▲❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞❡ ❞✐♣ô❧❡ σˆ(x, r) ❞é❝r✐t ❧✬✐♥t❡r❛❝t✐♦♥ ❞✉
❞✐♣ô❧❡ ❛✈❡❝ ❧❡ ♣r♦t♦♥ ❡t ❞é♣❡♥❞ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞✬❡✛❡ts ♥♦♥ ♣❡rt✉r❜❛t✐❢s ❡t ❞♦✐t ❞♦♥❝ êtr❡
♠♦❞é❧✐sé❡✳
P♦✉r ♠♦❞é❧✐s❡r ❧❛ tr❛♥s✐t✐♦♥ ✈❡rs ❧❡ ré❣✐♠❡ ❞❡ s❛t✉r❛t✐♦♥ ❞❡ ◗❈❉✱ ✉♥❡ ♣r❡♠✐èr❡ ♣❛r❛✲
♠étr✐s❛t✐♦♥ ♣❤é♥♦♠é♥♦❧♦❣✐q✉❡ ❞❡ σˆ(x, r) ❛ été ♣r♦♣♦sé❡ ❬●❇✾✾❛❪ ✿
σˆ(x, r) = σ0
(
1− e(−r2Q2s(x))
)
, ✭✸✳✶✵✮
✸✳✷ ✲ ▲❛ ❞✐✛r❛❝t✐♦♥ ✐♥❝❧✉s✐✈❡ ✸✼
♦ù Qs(x) = Q0x
−λ ❡st ✉♥❡ é❝❤❡❧❧❡ ❞❡ s❛t✉r❛t✐♦♥ q✉✐ ❝❛r❛❝tér✐s❡ ❧❛ tr❛♥s✐t✐♦♥ ✈❡rs ❧❡ ré✲
❣✐♠❡ ❞❡ s❛t✉r❛t✐♦♥✳ ▲❛ tr❛♥s✐t✐♦♥ ❞❛♥s ❧❡ ré❣✐♠❡ ❞❡ s❛t✉r❛t✐♦♥ ❛rr✐✈❡ q✉❛♥❞ Q ❞❡✈✐❡♥t
s✐♠✐❧❛✐r❡ à Qs(x)✳ ▲❡s ♣❛r❛♠ètr❡s ❞✉ ♠♦❞è❧❡✱ σ0✱ Q0 ❡t λ✱ s♦♥t ❛❧♦rs ❞é✜♥✐s ♣❛r ✉♥ ❛❥✉st❡✲
♠❡♥t s✉r ❧❡s ❞♦♥♥é❡s ❞❡ ❉■❙ à ❜❛s x✳ ❉❡s ♣❛r❛♠étr✐s❛t✐♦♥s ♣❧✉s é✈♦❧✉é❡s s♦♥t ♠❛✐♥t❡♥❛♥t
ét✉❞✐é❡s ❬■❛♥✵✹❪✳
❉❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ❞✐✛r❛❝t✐♦♥✱ ❧✬é❝❤❛♥❣❡ ♥❡✉tr❡ ❞❡ ❝♦✉❧❡✉r ✭♣♦♠❡r♦♥✮ ♣❡✉t êtr❡ ♠♦❞é❧✐sé
❛✉ ♣r❡♠✐❡r ♦r❞r❡ ♣❛r ❧✬é❝❤❛♥❣❡ ❞❡ ❞❡✉① ❣❧✉♦♥s✳ ▲♦rsq✉❡ s❡✉❧ ❧❡ ❞✐♣ô❧❡ qq¯ ❝♦♥tr✐❜✉❡ à ❧❛
❢♦r♠❛t✐♦♥ ❞✉ s②stè♠❡ ❞✐✛r❛❝t✐❢✱ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞✐✛r❛❝t✐✈❡ à t = 0 s✬é❝r✐t ✿
dσdiff
dt |t=0
=
1
16π
∫
dzd2r
∣∣ΨL,T (z, r, Q2)∣∣2 σˆ2(x, r) , ✭✸✳✶✶✮
❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ σˆ2(x, r) ét❛♥t ❧❛ ♠ê♠❡ q✉❡ ❝❡❧❧❡ ✉t✐❧✐sé❡ ♣♦✉r ❞é❝r✐r❡ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡
❞❡ ❉■❙ à ❜❛s x ✭éq✉❛t✐♦♥ ✭✸✳✾✮✳
▲❡ ❉❉■❙ ❡st ❛❧♦rs ✉♥ ♣r♦❝❡ss✉s ✐❞é❛❧ ♣♦✉r ét✉❞✐❡r ❧❡ ♣❤é♥♦♠è♥❡ ❞❡ s❛t✉r❛t✐♦♥ ❞❡s
♣❛rt♦♥s ❝❛r ✐❧ ❡st ♣❛rt✐❝✉❧✐èr❡♠❡♥t s❡♥s✐❜❧❡ ❛✉① ❝♦♥tr✐❜✉t✐♦♥s ❞❡ ❞✐♣ô❧❡s ❞❡ ❣r❛♥❞❡ t❛✐❧❧❡
r > 1/Qs(x)✳ ❯♥❡ ♠♦❞é❧✐s❛t✐♦♥ ❞❡ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞❡ ❞✐♣ô❧❡ ✐♥❝❧✉❛♥t ❧❛ s❛t✉r❛t✐♦♥ ❝♦♠♠❡
❞❛♥s ❧✬éq✉❛t✐♦♥✭✸✳✶✵✮ ❝♦♥❞✉✐t ❛❧♦rs ♥❛t✉r❡❧❧❡♠❡♥t ❛✉ r❛♣♣♦rt ❬●❇✾✾❛❪ ✿
σdiff
σtot
∼ 1
ln(Q2/Q2s(x))
. ✭✸✳✶✷✮
❆✐♥s✐ ✉♥❡ ♠ê♠❡ ♠♦❞é❧✐s❛t✐♦♥ ♣❡r♠❡t ❞❡ ❞é❝r✐r❡ à ❧❛ ❢♦✐s ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞❡ ❉■❙ à ❜❛s
x ❡t ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞❡ ❉❉■❙✳ ▲❡s ♣❛r❛♠ètr❡s ❞❡ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞❡ ❞✐♣ô❧❡✱ ❞ét❡r♠✐♥és à
♣❛rt✐r ❞❡s ❞♦♥♥é❡s ❞❡ ❉■❙ s❡✉❧❡✱ ♣❡✉✈❡♥t ❡♥ ❡✛❡t êtr❡ ✉t✐❧✐sés ♣♦✉r ❞é❝r✐r❡ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡
❞❡ ❉❉■❙ ❬●❇✾✾❜❪✳ ❈❡❝✐ ❝♦♥❢èr❡ ❞♦♥❝ à ❝❡tt❡ ❛♣♣r♦❝❤❡ ✉♥ ♣♦✉✈♦✐r ❤❛✉t❡♠❡♥t ♣ré❞✐❝t✐❢✳
❉❛♥s ❝❡ ❝❛❞r❡ ❞✉ ♠♦❞è❧❡ ❞❡ ❞✐♣ô❧❡✱ ✉♥❡ ♣❛r❛♠étr✐s❛t✐♦♥ s✐♠♣❧❡ ❡♥ tr♦✐s ❝♦♥tr✐❜✉t✐♦♥s ❞❡
❧❛ ❢♦♥❝t✐♦♥ ❞❡ str✉❝t✉r❡ ❞✐✛r❛❝t✐✈❡ FD2 ❛ été ♣r♦♣♦sé❡ ♣❛r ❏✳ ❇❛rt❡❧s ❡t ❛❧✳ ✭❇❊❑❲✮ ❬❇❛r✾✾✱
❈❤❡✵✺❪✳ ❈❡tt❡ ♣❛r❛♠étr✐s❛t✐♦♥ s✬❡st ré✈é❧é❡ êtr❡ très ❡✣❝❛❝❡ ♣♦✉r ❞é❝r✐r❡ ❧✬❡♥s❡♠❜❧❡ ❞❡s
❞♦♥♥é❡s ❞❡ ❉❉■❙ ❬❘♦②✵✼❪✳
▲❛ ♣r❡♠✐èr❡ ❝♦♥tr✐❜✉t✐♦♥ F
D(3)
2 (qq¯T ) ❝♦rr❡s♣♦♥❞ à ❧❛ ❞✐✛✉s✐♦♥ ❞✐✛r❛❝t✐✈❡ ❞❡ ❧❛ ❝♦♠♣♦✲
s❛♥t❡ tr❛♥s✈❡rs❡ qq¯ ❞✉ ♣❤♦t♦♥ ♣❛r é❝❤❛♥❣❡ ❞❡ ❞❡✉① ❣❧✉♦♥s ✭✈♦✐r ✜❣✉r❡ ✸✳✼✭❛✮✮✳ ❆ s✉✣s❛♠✲
♠❡♥t ❣r❛♥❞M2X ✱ ❧❛ ♣❛✐r❡ qq¯ ♣❡✉t r❛②♦♥♥❡r ✉♥ ❣❧✉♦♥ ❛❞❞✐t✐♦♥♥❡❧ ❛✈❛♥t ❞✬❛tt❡✐♥❞r❡ ❧❡ ♣r♦t♦♥✳
▲❛ s❡❝♦♥❞❡ ❝♦♥tr✐❜✉t✐♦♥ F
D(3)
2 (qq¯gT )✱ ❝♦rr❡s♣♦♥❞ ❞♦♥❝ à ❧❛ ❝♦♠♣♦s❛♥t❡ tr❛♥s✈❡rs❡ qq¯g ✭✈♦✐r
✜❣✉r❡ ✸✳✼✭❜✮✮✳ ❊♥✜♥✱ ♣♦✉r ❞❡ ♣❡t✐t❡s ♠❛ss❡s ❞✉ s②stè♠❡ ❞✐✛r❛❝t✐❢✱ ✐❧ ❡st ❛✉ss✐ ❛tt❡♥❞✉ q✉❡
❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ♣♦✉r ❧❛ ♣r♦❞✉❝t✐♦♥ ❞✬✉♥❡ ♣❛✐r❡ qq¯ ♥❡ s♦✐t ♣❛s ♥é❣❧✐❣❡❛❜❧❡
♣❛r r❛♣♣♦rt à ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ tr❛♥s✈❡rs❡✳ ❈❡❝✐ ❡st ❞♦♥❝ ♣r✐s ❡♥ ❝♦♠♣t❡ ❞❛♥s ✉♥ tr♦✐s✐è♠❡
t❡r♠❡✱ F
D(3)
2 (qq¯L)✱ q✉✐ ❞♦♥♥❡ ✉♥❡ ❝♦♥tr✐❜✉t✐♦♥ ❞❡ t✇✐st ❞✬♦r❞r❡ s✉♣ér✐❡✉r✱ ❝♦rr❡s♣♦♥❞❛♥t à
❧❛ ❝♦♠♣♦s❛♥t❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ qq¯✳
❆ t✐tr❡ ❞✬❡①❡♠♣❧❡✱ ❧❡s s❡❝t✐♦♥s ❡✣❝❛❝❡s ❞❡ ❉❉■❙ ♠❡s✉ré❡s ♣❛r ❍✶ s♦♥t ❝♦♠♣❛ré❡s ❛✉
rés✉❧t❛t ❞❡ ❧✬❛❥✉st❡♠❡♥t ❞✬✉♥❡ t❡❧❧❡ ♣❛r❛♠étr✐s❛t✐♦♥ ❇❊❑❲ ❞❛♥s ❧❛ ✜❣✉r❡ ✸✳✽✳ ▲✬❛❥✉st❡♠❡♥t
❛ été ré❛❧✐sé ❡♥ ✉t✐❧✐s❛♥t ❧✬❡♥s❡♠❜❧❡ ❞❡s ❞♦♥♥é❡s✳ ◆♦✉s ♦❜s❡r✈♦♥s ✉♥ ❜♦♥ ❛❝❝♦r❞ ❡♥tr❡
❧✬❛❥✉st❡♠❡♥t ❣❧♦❜❛❧ ❡t ❧❡s s❡❝t✐♦♥s ❡✣❝❛❝❡s ♠❡s✉ré❡s✱ ❛✐♥s✐ q✉❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❝❤❛❝✉♥❡ ❞❡s
tr♦✐s ❝♦♠♣♦s❛♥t❡s ❡♥ ❢♦♥❝t✐♦♥ β✳ ◆♦✉s ✈♦②♦♥s ❛✉ss✐ q✉❡ ❧✬❛❥♦✉t ❞❡ ♥♦✉✈❡❧❧❡s ❞♦♥♥é❡s ❡♥
✈✉❡ ❞✬❛✉❣♠❡♥t❡r ❧❛ ♣ré❝✐s✐♦♥ st❛t✐st✐q✉❡ ❞❡s ♠❡s✉r❡s ❛❝t✉❡❧❧❡s ♣❡r♠❡ttr❛✐t ❛❧♦rs ❞✬♦❜t❡♥✐r
❞❡s ❝♦♥tr❛✐♥t❡s ♣❧✉s ❢♦rt❡s s✉r ❧❡s ♠♦❞è❧❡s✳
❉✬❛✉tr❡s ♠♦❞è❧❡s ❞❡ ❞✐♣ô❧❡✱ ✐♥❝❧✉❛♥t ❧❛ s❛t✉r❛t✐♦♥✱ ♣❡r♠❡tt❡♥t é❣❛❧❡♠❡♥t ❞❡ ❜✐❡♥ ❞é✲
❝r✐r❡ ❧❡s ❞♦♥♥é❡s ❞❡ ❉❉■❙✱ ❡t ❝❡✱ s❛♥s ❛✉❝✉♥ ❛❥✉st❡♠❡♥t✱ ❧❡s ♣❛r❛♠ètr❡s ❞✉ ♠♦❞è❧❡ ét❛♥t
✸✽ ❈❤❛♣✐tr❡ ✸ ✲ ▲❛ ❝♦♠♣❧❡①✐té ❞❛♥s ❧❡ ♠♦❞è❧❡ st❛♥❞❛r❞ ✿ ✐♥t❡r❛❝t✐♦♥s ❞✐✛r❛❝t✐✈❡s
lT lT
 kT
q
p
✭❛✮
lT lT
 kT
q
p
✭❜✮
❋✐❣✉r❡ ✸✳✼ ✿ ❈♦♥tr✐❜✉t✐♦♥s qq¯ ✭❛✮ ❡t qq¯g ✭❜✮ ❞✉ s②stè♠❡ ❞✐✛r❛❝t✐❢ ❞❛♥s ❧❡ ♠♦❞è❧❡
❞❡ ❞✐♣ô❧❡✳
❞ét❡r♠✐♥és à ♣❛rt✐r ❞❡s ❞♦♥♥é❡s ❞❡ ❉■❙ s❡✉❧❡s ❬▼❛r✵✼❛❪✱ ❝❡ q✉✐ ❞é♠♦♥tr❡ ❧❛ ❢♦r❝❡ ❞❡ ❝❡tt❡
❛♣♣r♦❝❤❡✳ ❈❡s ♠♦❞è❧❡s ♣❡r♠❡tt❡♥t ❡♥ ❡✛❡t ❞✬✉♥✐✜❡r ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞❡s ✐♥t❡r❛❝t✐♦♥s ❞❡ ❉■❙
à ❜❛s x ❡t ❞❡ ❉❉■❙ ❞❛♥s ✉♥ ♠ê♠❡ ❝❛❞r❡ t❤é♦r✐q✉❡ ❢♦♥❞é s✉r ❧❛ ◗❈❉✳ ■❧s s♦♥t ❛✐♥s✐ très ♣r♦✲
♠❡tt❡✉rs ♣♦✉r ❛♠é❧✐♦r❡r ♥♦tr❡ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡ ❧❛ tr❛♥s✐t✐♦♥ ❡♥ ré❣✐♠❡s ❞✉r ❡t ♠♦✉ ❞❡ ❧❛
◗❈❉ ❡t ❞❡s ❡✛❡ts ❞❡ s❛t✉r❛t✐♦♥✳ ▲✬❛♣♣♦rt ❞❡ ♥♦✉✈❡❧❧❡s ❞♦♥♥é❡s ❞❡ ❍❊❘❆✱ ❞✬✉♥❡ ♣ré❝✐s✐♦♥
s✉♣ér✐❡✉r❡ ❛✉① ❞♦♥♥é❡s ❛❝t✉❡❧❧❡s✱ s❡r❛ ❛❧♦rs é❣❛❧❡♠❡♥t ♥é❝❡ss❛✐r❡ ♣♦✉r ♠✐❡✉① ❝♦♥tr❛✐♥❞r❡
❝❡s ♠♦❞è❧❡s✳
Total
(qqg)T
(qq)T
(qq)L
BEKW(mod):H1 data 97
H1 data 99-00 (prelim.)
H1 data 2004 (prelim.)
xIP=0.002
H
1 
Co
lla
bo
ra
tio
n
0
0.01
0.02
0.03
0.04
0.05
0.06
0.2 0.4 0.6 0.8 1
b
x
IP
s
rD
(3) Q2=20 GeV2
0
0.01
0.02
0.03
0.04
0.05
0.06
0.2 0.4 0.6 0.8 1
b
x
IP
s
rD
(3) Q2=35 GeV2
0
0.01
0.02
0.03
0.04
0.05
0.06
0.2 0.4 0.6 0.8 1
b
x
IP
s
rD
(3) Q2=45 GeV2
0
0.01
0.02
0.03
0.04
0.05
0.06
0.2 0.4 0.6 0.8 1
b
x
IP
s
rD
(3) Q2=60 GeV2
❋✐❣✉r❡ ✸✳✽ ✿ ❈♦♠✲
♣❛r❛✐s♦♥s ❞❡ ❧❛ s❡❝✲
t✐♦♥ ❡✣❝❛❝❡ ❞❡ ❉❉■❙
❛✈❡❝ ❧❡ ♠♦❞è❧❡ ❞❡ ❞✐✲
♣ô❧❡ ❇❊❑❲✳ ▲❡s ré✲
s✉❧t❛ts s♦♥t ♣rés❡♥tés
❡♥ ❢♦♥❝t✐♦♥ ❞❡ β✱ ♣♦✉r
❞✐✛ér❡♥t❡s ✈❛❧❡✉rs ❞❡
Q2 ❡t à ✉♥❡ ✈❛❧❡✉r ✜①❡
xIP = 0.002✳
✸✳✸ ▲❛ ❞✐✛✉s✐♦♥ ❈♦♠♣t♦♥ ♣r♦❢♦♥❞é♠❡♥t ✈✐rt✉❡❧❧❡
▲❡s ♣r♦❝❡ss✉s ❞❡ ❉■❙ ❡t ❉❉■❙ q✉❡ ♥♦✉s ❛✈♦♥s ✈✉s ❥✉sq✉✬à ♣rés❡♥t ♦♥t ✉♥❡ s❡❝t✐♦♥ ❡✣✲
❝❛❝❡ q✉✐ ❞é♣❡♥❞ ❞❡ ❧❛ ♣r♦❜❛❜✐❧✐té ❞❡ ❞✐✛✉s✐♦♥ s✉r ✉♥ ♣❛rt♦♥ ❞❛♥s ❧❡ ♣r♦t♦♥✳ ❈❡s ♣r♦❝❡ss✉s✱
❝♦♥❞✉✐s❛♥t à ❧❛ ❞❡str✉❝t✐♦♥ ❞❡ ❧✬♦❜❥❡t s♦♥❞é✱ ♣❡r♠❡tt❡♥t ❞♦♥❝ ❞✬❛❝❝é❞❡r ✉♥✐q✉❡♠❡♥t ❛✉①
❞✐str✐❜✉t✐♦♥s ❞✬✐♠♣✉❧s✐♦♥ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❞❡s ♣❛rt♦♥s ❡t ♥❡ ♣❡✉✈❡♥t ❞♦♥❝ ❢♦✉r♥✐r ✉♥❡ ✐♥❢♦r✲
♠❛t✐♦♥ ❝♦♠♣❧èt❡ s✉r ❧❛ str✉❝t✉r❡ ❞✉ ♣r♦t♦♥✳ ■❧s ♥❡ s♦♥❞❡♥t ♥✐ ❧❛ ❞✐str✐❜✉t✐♦♥ s♣❛t✐❛❧❡ ❞❡s
❝♦♥st✐t✉❛♥ts ❞✉ ♣r♦t♦♥✱ ♥✐ ❧❡✉rs ❝♦rré❧❛t✐♦♥s✳
✸✳✸ ✲ ▲❛ ❞✐✛✉s✐♦♥ ❈♦♠♣t♦♥ ♣r♦❢♦♥❞é♠❡♥t ✈✐rt✉❡❧❧❡ ✸✾
▲❡s ♣r♦❝❡ss✉s ❞❡ ♣r♦❞✉❝t✐♦♥ ❡①❝❧✉s✐✈❡ ❞❡ ♣❛rt✐❝✉❧❡s✱ s❛♥s ❡①❝✐t❛t✐♦♥ ♦✉ ❞✐ss♦❝✐❛t✐♦♥
❞✉ ♣r♦t♦♥✱ s♦♥t ❛❧♦rs ✐♥tér❡ss❛♥ts ♣♦✉r ❝♦♠❜❧❡r ❝❡s ❞é✜❝✐ts✳ P❛r♠✐ ❝❡✉①✲❝✐✱ ❧❛ ❞✐✛✉s✐♦♥
❈♦♠♣t♦♥ ♣r♦❢♦♥❞é♠❡♥t ✈✐rt✉❡❧❧❡ ✭❉❱❈❙✮✱ γ∗ → γp✱ ❡st ❧❡ ♣r♦❝❡ss✉s ❧❡ ♣❧✉s s✐♠♣❧❡✳ ▲❛
s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞❡ ❝❡ ♣r♦❝❡ss✉s ❡st ♣r♦♣♦rt✐♦♥♥❡❧❧❡ à ❧✬❛♠♣❧✐t✉❞❡ ❞❡ ♣r♦❜❛❜✐❧✐té ❞✬❡①tr❛✐r❡
✉♥ ♣❛rt♦♥ ❞✉ ♣r♦t♦♥ ✐♥✐t✐❛❧✱ ♣✉✐s ❞❡ ❧❡ r❡♠❡ttr❡ ♣♦✉r ❢♦r♠❡r à ♥♦✉✈❡❛✉ ✉♥ ♣r♦t♦♥ ❞❛♥s ❧✬ét❛t
✜♥❛❧ ✭✈♦✐r ✜❣✉r❡ ✸✳✾✮✳ ▲❛ tr❛♥s✐t✐♦♥ ❞✬✉♥ ♣❤♦t♦♥ ✈✐rt✉❡❧ à ✉♥ ♣❤♦t♦♥ ré❡❧ ❢♦r❝❡ ❧❡s ❢r❛❝t✐♦♥s
❞✬✐♠♣✉❧s✐♦♥ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❞❡s ❞❡✉① ♣❛rt♦♥s ♣❛rt✐❝✐♣❛♥ts à êtr❡ ❞✐✛ér❡♥t❡s ✭s❦❡✇❡❞✮✳ ❈❡tt❡
❞✐✛ér❡♥❝❡ ❡♥ ♠♦♠❡♥t ❧♦♥❣✐t✉❞✐♥❛❧ ❝♦♥t✐❡♥t ✉♥❡ ✐♥❢♦r♠❛t✐♦♥ s✉r ❧❡s ❝♦rré❧❛t✐♦♥s ❡♥tr❡ ❧❡s
✐♠♣✉❧s✐♦♥s ❞❡s ♣❛rt♦♥s ❞✉ ♣r♦t♦♥✱ ❛✉①q✉❡❧❧❡s ❧❡ ♣r♦❝❡ss✉s ❞❡ ❉❱❈❙ ❡st ❞♦♥❝ s❡♥s✐❜❧❡✳
e
e
g
*
p p
g
x-x x+ x
✭❛✮
e
e
g
*
p p
g
✭❜✮
❋✐❣✉r❡ ✸✳✾ ✿ ❊①❡♠♣❧❡s ❞❡ ❞✐❛❣r❛♠♠❡s ♣♦✉r ❧❡ ♣r♦❝❡ss✉s ❞❡ ❉❱❈❙ à ❧✬♦r❞r❡
❞♦♠✐♥❛♥t ✭ ❧❡❛❞✐♥❣ ♦r❞❡r✮ ✭❛✮ ❡t à ❧✬♦r❞r❡ s✉✐✈❛♥t ✭♥❡①t✲t♦✲❧❡❛❞✐♥❣ ♦r❞❡r✮ ✭❜✮✳
▲❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞✉ ❉❱❈❙ ❞é♣❡♥❞ é❣❛❧❡♠❡♥t ❞✉ ♠♦♠❡♥t tr❛♥s✈❡rs❡ tr❛♥s❢éré ❛✉
♣r♦t♦♥✱ ❞♦♥t ❧❡ ❝❛rré ❡st✱ à ❤❛✉t❡ é♥❡r❣✐❡✱ é❣❛❧ ❛✈❡❝ ✉♥❡ ❜♦♥♥❡ ❛♣♣r♦①✐♠❛t✐♦♥ à −t✳ P❛r
tr❛♥s❢♦r♠é❡ ❞❡ ❋♦✉r✐❡r ❞❡ ❧✬❡s♣❛❝❡ ❞❡s ♠♦♠❡♥ts à ❝❡❧✉✐ ❞❡s ♣❛r❛♠ètr❡s ❞✬✐♠♣❛❝t✱ ❝❡tt❡
❞é♣❡♥❞❛♥❝❡ ❡♥ t ♥♦✉s ❞♦♥♥❡ ✉♥❡ ✐♥❢♦r♠❛t✐♦♥ s✉r ❧❛ ❞✐str✐❜✉t✐♦♥ ❜✐❞✐♠❡♥t✐♦♥❡❧❧❡ ❞❛♥s ❧❡
♣❧❛♥ tr❛♥s✈❡rs❡ ❞✉ ♣❛rt♦♥ t♦✉❝❤é✳
❆ ❣r❛♥❞ Q2✱ ❧❡ t❤é♦rè♠❡ ❞❡ ❢❛❝t♦r✐s❛t✐♦♥ ❝♦❧✐♥é❛✐r❡ s✬❛♣♣❧✐q✉❡ é❣❛❧❡♠❡♥t ❛✉ ❉❱❈❙✳
▼❛✐s✱ ❞❛♥s ❝❡ ❝❛s✱ ❧❡s P❉❋s ♥❡ ♣❡✉✈❡♥t ♣❧✉s êtr❡ ✉t✐❧✐sé❡s ♣♦✉r ❞é✜♥✐r ❧✬é❧é♠❡♥t ❞❡ ♠❛tr✐❝❡
❤❛❞r♦♥✐q✉❡ ❡t ♥♦✉s ❞❡✈♦♥s ❝♦♥s✐❞ér❡r ❞❡s ❢♦♥❝t✐♦♥s ♣❧✉s ❝♦♠♣❧èt❡s✱ ♣r❡♥❛♥t ❡♥ ❝♦♠♣t❡ ❧❡s
❞✐✛ér❡♥❝❡s ❞✬✐♠♣✉❧s✐♦♥ ❡♥tr❡ ❧❡s ét❛ts ✐♥✐t✐❛❧ ❡t ✜♥❛❧ ❞✉ ♣r♦t♦♥✳ ▲❡s ❞✐str✐❜✉t✐♦♥s ❣é♥ér❛❧✐✲
sé❡s ❞❡ ♣❛rt♦♥s ✭●P❉✮ s♦♥t ❛❧♦rs ✉t✐❧✐sé❡s✳ ❊❧❧❡s ❞é♣❡♥❞❡♥t ❞❡ ❞❡✉① ❢r❛❝t✐♦♥s ❞✬✐♠♣✉❧s✐♦♥
❧♦♥❣✐t✉❞✐♥❛❧❡✱ ❛✉ ❧✐❡✉ ❞✬✉♥❡ s❡✉❧❡ ♣♦✉r ❧❡s P❉❋s✱ ❞❡ ❧✬✐♠♣✉❧s✐♦♥ tr❛♥s✈❡rs❡ tr❛♥s❢éré❡ ❛✉ ♣r♦✲
t♦♥ ❡t ❞❡ ❧✬é❝❤❡❧❧❡ à ❧❛q✉❡❧❧❡ ❧❡s ♣❛rt♦♥s s♦♥t s♦♥❞és✳ ▲❛ ❞é♣❡♥❞❛♥❝❡ ❞❡s ●P❉s ❡♥ ❢♦♥❝t✐♦♥
❞❡ ❧✬é❝❤❡❧❧❡ ❡st ❣♦✉✈❡r♥é❡ ♣❛r ✉♥❡ ❣é♥ér❛❧✐s❛t✐♦♥ ❞❡s éq✉❛t✐♦♥s ❉●▲❆P✳ ▲❛ ❝❛r❛❝tér✐s❛t✐♦♥
❞❡s ●P❉s✱ ❞❛♥s ❧❡ ré❣✐♠❡ ❞❡s ❜❛s x ❡t ❣r❛♥❞s Q2✱ ❡st ❞♦♥❝ ✉♥❡ ❞❡s r❛✐s♦♥s ♣r✐♥❝✐♣❛❧❡s ♣♦✉r
♠❡s✉r❡r ❧❡ ♣r♦❝❡ss✉s ❞❡ ❉❱❈❙ ❡♥ ❝♦❧❧✐s✐♦♥s ep à ❍❊❘❆✳
▲❡ ♣r♦❝❡ss✉s ❉❱❈❙ ♣❡✉t✱ ❜✐❡♥ sûr✱ êtr❡ é❣❛❧❡♠❡♥t ✐♥t❡r♣rété ❞❛♥s ❧❡ ❝❛❞r❡ ❞✉ ♠♦❞è❧❡
❞❡ ❞✐♣ô❧❡ ❬▼❛r✵✼❜❪✳
✸✳✸✳✶ ▼❡s✉r❡s ❡①♣ér✐♠❡♥t❛❧❡s
▲❡s ♥♦✉✈❡❧❧❡s ❞♦♥♥é❡s ❡♥r❡❣✐stré❡s ♣❛r ❍✶ ❧♦rs ❞❡ ❧❛ ♣❤❛s❡ ❍❊❘❆ ■■ ♦♥t ♣❡r♠✐s ❞✬❛♠é✲
❧✐♦r❡r ❝♦♥s✐❞ér❛❜❧❡♠❡♥t ❧❛ ♣ré❝✐s✐♦♥ ❞❡s ♠❡s✉r❡s ❞❡ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞✉ ❉❱❈❙ ✭✈♦✐r ❛♥✲
♥❡①❡s ❈ ❡t ❉✮✱ ♣❛r r❛♣♣♦rt ❛✉① ♠❡s✉r❡s ❛♥tér✐❡✉r❡s ❡✛❡❝t✉é❡s s✉r ❧❡s ❞♦♥♥é❡s ❍❊❘❆ ■ ❬❆❦t✵✺✱
❈❤❡✵✸✱ ❈❤❡✵✾❜❪✳ ▲❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞❡ ❉❱❈❙ ♠❡s✉ré❡ ♣❛r ❍✶ à ♣❛rt✐r ❞❡s ❞♦♥♥é❡s ❍❊❘❆ ■■
❡st ♣rés❡♥té❡ ❞❛♥s ❧❛ ✜❣✉r❡ ✸✳✶✵✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ Q2 ❡t ❞❡ W ✳ ❊❧❧❡ ❡st ❝♦♠♣❛ré❡ à ❧❛ ♠❡s✉r❡
❧❛ ♣❧✉s ré❝❡♥t❡ ❡✛❡❝t✉é❡ ♣❛r ❧❛ ❝♦❧❧❛❜♦r❛t✐♦♥ ❩❊❯❙ ❬❈❤❡✵✾❜❪✳ ❙✉r ❝❡tt❡ ✜❣✉r❡✱ ❧❡s é✈♦❧✉✲
t✐♦♥s ❡♥ Q2 ❡t W ♣ré❞✐t❡s ♣❛r ❞❡✉① ♠♦❞è❧❡s ❜❛sés r❡s♣❡❝t✐✈❡♠❡♥t s✉r ❧❡ ❢♦r♠❛❧✐s♠❡ ❞❡s
✹✵ ❈❤❛♣✐tr❡ ✸ ✲ ▲❛ ❝♦♠♣❧❡①✐té ❞❛♥s ❧❡ ♠♦❞è❧❡ st❛♥❞❛r❞ ✿ ✐♥t❡r❛❝t✐♦♥s ❞✐✛r❛❝t✐✈❡s
●P❉s ❬❑✉♠✵✽✱ ❑✉♠❪ ❡t ❞❡s ❞✐♣ô❧❡s ❬▼❛r✵✼❜❪ s♦♥t ❛✉ss✐ r❡♣rés❡♥té❡s✳ ◆♦✉s ♦❜s❡r✈♦♥s q✉❡
❝❡s ❞❡✉① ♠♦❞è❧❡s ❞é❝r✐✈❡♥t ❜✐❡♥ ❧❡s ❞♦♥♥é❡s✳ ▲❛ ❢♦rt❡ é✈♦❧✉t✐♦♥ ❞❡ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞❡
❉❱❈❙ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ W ✱ ❞❡ ❧❛ ❢♦r♠❡ W 0.63✱ ✐♥❞✐q✉❡ ❝❧❛✐r❡♠❡♥t ❧❛ ♣rés❡♥❝❡ ❞✬✉♥ ♣r♦❝❡s✲
s✉s ❞✉r s♦✉s✲❥❛❝❡♥t✳ ❈❡tt❡ ❞é♣❡♥❞❡♥❝❡ ❡st ❝♦♥st❛♥t❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ Q2 ❞❛♥s ❧❡ ❞♦♠❛✐♥❡
❝✐♥é♠❛t✐q✉❡ ét✉❞✐é ✭✈♦✐r ❛♥♥❡①❡ ❉✮✳
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❋✐❣✉r❡ ✸✳✶✵ ✿ ❙❡❝t✐♦♥ ❡✣❝❛❝❡ ❞✉ ♣r♦❝❡ss✉s ❉❱❈❙ γ ∗ p → γp ❡♥ ❢♦♥❝t✐♦♥ ❞❡
Q2 à W = 82 ●❡❱ ✭❛✮ ❡t ❡♥ ❢♦♥❝t✐♦♥ ❞❡ W à Q2 = 10 ●❡❱✳ ▲❡s ♠❡s✉r❡s
ré❛❧✐sé❡s ♣❛r ❍✶ s✉r ❧❡s ❞♦♥♥é❡s ❍❊❘❆ ■ ❬❆❦t✵✺❪ ❡t ❍❊❘❆ ■■ ✭❛♥♥❡①❡ ❉✮ ❡t
♣❛r ❩❊❯❙ ❬❈❤❡✵✾❜❪ s♦♥t r❡♣rés❡♥té❡s✳ ▲❡s ❧✐❣♥❡s ❡♥ ♣♦✐♥t✐❧❧és r❡♣rés❡♥t❡♥t ❧❡s
♣ré❞✐❝t✐♦♥s ❞✬✉♥ ♠♦❞è❧❡ ❞❡ ●P❉s ❬❑✉♠✵✽✱ ❑✉♠❪ ❡t ❧❡s ❧✐❣♥❡s ♣❧❡✐♥❡s ❝❡❧❧❡s ❞✬✉♥
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✭❜✮
❋✐❣✉r❡ ✸✳✶✶ ✿ ❊✈♦❧✉t✐♦♥ ❞❡ ❧❛ ♣❡♥t❡ ❡♥ t✱ b✱ ❞✉ ❉❱❈❙ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ Q2 ✭❛✮ ❡t
W ✭❜✮✳ ❉❛♥s ❧❛ ✜❣✉r❡ ✭❛✮✱ ❧❡s ♠❡s✉r❡s ré❝❡♥t❡s ❞❡ ❍✶ ✭❛♥♥❡①❡ ❉✮ s♦♥t ❝♦♠♣❛ré❡s
❛✉① ❛✉tr❡s ♠❡s✉r❡s ❞❡ ❍✶ ❬❆❦t✵✺❪ ❡t ❩❊❯❙ ❬❈❤❡✵✾❜❪✳ ▲❡s ❧✐❣♥❡s ❡♥ ♣♦✐♥t✐❧❧és
r❡♣rés❡♥t❡♥t ❧❡s ♣ré❞✐❝t✐♦♥s ❞✬✉♥ ♠♦❞è❧❡ ❞❡ ●P❉s ❬❑✉♠✵✽✱ ❑✉♠❪ ❡t ❧❡s ❧✐❣♥❡s
♣❧❡✐♥❡s ❝❡❧❧❡s ❞✬✉♥ ♠♦❞è❧❡ ❞❡ ❞✐♣ô❧❡ ❬▼❛r✵✼❜❪
▲❛ ❞é♣❡♥❞❛♥❝❡ ❡♥ t ❞❡ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞❡ ❉❱❈❙ ♣❡✉t êtr❡ ♣❛r❛♠étré❡ ❛✈❡❝ ✉♥❡ ❜♦♥♥❡
❛♣♣r♦①✐♠❛t✐♦♥ ♣❛r ✉♥❡ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❢♦r♠❡ e−b|t|✳ ▲❡ ❧♦t ❞❡ ❞♦♥♥é❡s ❍❊❘❆ ■■ ❛ ❛✐♥s✐ ♣❡r♠✐s
❞❡ ♠❡s✉r❡r ❧❛ ❞é♣❡♥❞❛♥❝❡ ❡♥ t ❞❡ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞❡ ❉❱❈❙✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ Q2 ❡t✱ ♣♦✉r ❧❛
♣r❡♠✐èr❡ ❢♦✐s✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡W ✳ ❈❡s ♠❡s✉r❡s s♦♥t ✐❧❧✉stré❡s ♣❛r ❧❛ ✜❣✉r❡ ✸✳✶✶ q✉✐ r❡♣rés❡♥t❡
❧✬é✈♦❧✉t✐♦♥ ❞❡ b ❡♥ ❢♦♥❝t✐♦♥ ❞❡ Q2 ❡t W ✳ P❛r tr❛♥s❢♦r♠é❡ ❞❡ ❋♦✉r✐❡r✱ ❧❛ ✈❛r✐❛❜❧❡ b ♣❡✉t êtr❡
r❡❧✐é❡ à ❧❛ ❞✐st❛♥❝❡ tr❛♥s✈❡rs❡ t②♣✐q✉❡ ❡♥tr❡ ❧❡s ♦❜❥❡ts ❡♥ ❝♦❧❧✐s✐♦♥✳ ❆ ❣r❛♥❞ Q2✱ ❧❡ ❞✐♣ô❧❡
qq¯ ❡st q✉❛s✐♠❡♥t ♣♦♥❝t✉❡❧ ❡t b ❡st ❞♦♥❝ ❡ss❡♥t✐❡❧❧❡♠❡♥t ❧❡ r❡✢❡t ❞❡ ❧✬❡①t❡♥s✐♦♥ tr❛♥s✈❡rs❡
❞✉ ♣r♦t♦♥✳ ▲❡ b ♠♦②❡♥ ♠❡s✉ré s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡s ❞♦♥♥é❡s ♣❡✉t ❞♦♥❝ êtr❡ ❝♦♥✈❡rt✐ ❡♥ ✉♥
♣❛r❛♠ètr❡ ❞✬✐♠♣❛❝t ♠♦②❡♥ ❞❡
√
< r2T > = 0.64±0.02 ❢♠✱ q✉✐ ❝♦rr❡s♣♦♥❞ ❛❧♦rs à ❧✬❡①t❡♥s✐♦♥
tr❛♥s✈❡rs❡ ❞❡ ❧❛ ❞❡♥s✐té ❞❡ ♣❛rt♦♥s✳ ❆ ❧❛ ✈❛❧❡✉r ♠♦②❡♥♥❡ ❞❡ x = 1.2 ·10−3 ❞❡ ♥♦tr❡ ♠❡s✉r❡✱
❝❡tt❡ ❞❡♥s✐té ❡st ❞♦♠✐♥é❡ ♣❛r ❧❡s ❣❧✉♦♥s ❡t ❧❡s q✉❛r❦s ❞❡ ❧❛ ♠❡r✳
✸✳✸ ✲ ▲❛ ❞✐✛✉s✐♦♥ ❈♦♠♣t♦♥ ♣r♦❢♦♥❞é♠❡♥t ✈✐rt✉❡❧❧❡ ✹✶
■❧ ❡st ❛❧♦rs ♣♦ss✐❜❧❡ ❞✬ét✉❞✐❡r ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧✬❡①t❡♥s✐♦♥ tr❛♥s✈❡rs❡ ❞❡s ♣❛rt♦♥s ❡♥ ❢♦♥❝t✐♦♥
❞❡ x✳ ❆✐♥s✐✱ à ❞❡ ♣❧✉s ❧❛r❣❡s ✈❛❧❡✉rs ❞❡ x ✭x > 0.1✮✱ ✉♥❡ ♣❧✉s ❢❛✐❜❧❡ ✈❛❧❡✉r ❞❡
√
< r2T >
❡st ❛tt❡♥❞✉❡✳ ❊❧❧❡ ❡st ❛❧♦rs ❞♦♠✐♥é❡ ♣❛r ❧❡s ❝♦♥tr✐❜✉t✐♦♥s ❞❡s q✉❛r❦s ❞❡ ✈❛❧❡♥❝❡✳ ❉❛♥s
❝❡ ❞♦♠❛✐♥❡✱ s❡✉❧❡s ❞❡s ❞ét❡r♠✐♥❛t✐♦♥s ✐♥❞✐r❡❝t❡s ❞❡
√
< r2T > ❡①✐st❡♥t✳ ❊❧❧❡s ❞♦♥♥❡♥t ✉♥❡
❡st✐♠❛t✐♦♥ ❞❡
√
< r2T > ∼ 0.4 ❢♠ ♣♦✉r x > 0.2 ❬❇❡❧✵✷❪✳ ❈❡❝✐ ♥♦✉s ✐♥❞✐q✉❡ ✉♥❡ ✐♠❛❣❡ ❡♥
tr♦✐s ❞✐♠❡♥s✐♦♥s ❞✉ ♣r♦t♦♥✱ ❝♦♠♠❡ ét❛♥t ❝♦♠♣♦sé ❞❡ ♣❛rt♦♥s r❛♣✐❞❡s ✭à ❣r❛♥❞ x✮ ❢♦r♠❛♥t
✉♥ ❝❡♥tr❡ ❞❡ q✉❛r❦s ❞❡ ✈❛❧❡♥❝❡✱ ❡♥t♦✉ré ❞❡ ♣❛rt♦♥s ♣❧✉s ❧❡♥ts ✭à ❜❛s x✮✱ q✉❡ s♦♥t ❧❡s q✉❛r❦s
❞❡ ❧❛ ♠❡r ❡t ❧❡s ❣❧✉♦♥s✱ ❞✬❡①t❡♥s✐♦♥ s♣❛t✐❛❧❡ ♣❧✉s ❣r❛♥❞❡ ❛✉t♦✉r ❞✉ ❝❡♥tr❡✳ ▲❡s ❝❛❧❝✉❧s
ré❝❡♥ts ❞❡ ◗❈❉ s✉r rés❡❛✉ s❡♠❜❧❡♥t ❛✐♥s✐ ✈❛❧✐❞❡r ✉♥❡ t❡❧❧❡ ✐♠❛❣❡ ❞✉ ♣r♦t♦♥ ❬◆❡❣✵✹❪✳
✸✳✸✳✷ ❈❛r❛❝tér✐s❛t✐♦♥ ❞❡s ●P❉s
▲✬✐♥térêt ❞❡s ❞♦♥♥é❡s ❞❡ ❍❊❘❆ ■■ ❡st é❣❛❧❡♠❡♥t ❞❡ ❞✐s♣♦s❡r ❞❡ ❧♦ts ❞❡ ❞♦♥♥é❡s ❡♥ ❝♦❧✲
❧✐s✐♦♥s e+p ❡t e−p ❞❡ ❧✉♠✐♥♦s✐tés q✉❛s✐♠❡♥t é❣❛❧❡s✳ ❈❡❝✐ ♥♦✉s ❛ ♣❡r♠✐s ❞❡ ♠❡s✉r❡r✱ ♣♦✉r ❧❛
♣r❡♠✐èr❡ ❢♦✐s ❡♥ ❝♦❧❧✐s✐♦♥s ep✱ ❧✬❛s②♠étr✐❡ ❞❡ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞❡ ❧❛ ré❛❝t✐♦♥ e±p → e±γp
❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❝❤❛r❣❡ ❞✉ ❧❡♣t♦♥ ✐♥❝✐❞❡♥t✳ ❈❡tt❡ ❛s②♠étr✐❡ ♣r♦✈✐❡♥t ❞❡ ❧✬✐♥t❡r❢ér❡♥❝❡ ❡♥tr❡
❞❡✉① ♣r♦❝❡ss✉s ❝♦♥tr✐❜✉❛♥t à ❝❡tt❡ ré❛❝t✐♦♥✱ ❧❡ ❇❡t❤❡✲❍❡✐t❧❡r✱ ✉♥ ♣r♦❝❡ss✉s ♣✉r❡♠❡♥t é❧❡❝✲
tr♦♠❛❣♥ét✐q✉❡✱ ❡t ❧❡ ❉❱❈❙✱ q✉✐ ❧✉✐ ❡st ♣✉r❡♠❡♥t ❤❛❞r♦♥✐q✉❡ ✭✈♦✐r ❛♥♥❡①❡ ❉✮✳ ▲✬❛s②♠étr✐❡
❞é♣❡♥❞ ❞❡ φ✱ ❧✬❛♥❣❧❡ ❢♦r♠é ♣❛r ❧❡ ♣❧❛♥ ❝♦♥t❡♥❛♥t ❧❡s ❧❡♣t♦♥s ❡♥tr❛♥t ❡t s♦rt❛♥t ❛✈❡❝ ❧❡ ♣❧❛♥
❢♦r♠é ♣❛r ❧❡s ♣❤♦t♦♥s ré❡❧s ❡t ✈✐rt✉❡❧s ❬❇❡❧✵✷❪✳
▲❛ ♠❡s✉r❡ ❞❡ ❝❡tt❡ ❛s②♠étr✐❡ ❡st ✐♠♣♦rt❛♥t❡ ❝❛r ❡❧❧❡ ♣❡r♠❡t ❞✬❛❝❝é❞❡r ❞❡ ♠❛♥✐èr❡
✉♥✐q✉❡ à ❧❛ ♣❛rt✐❡ ré❡❧❧❡ ❞❡ ❧✬❛♠♣❧✐t✉❞❡ ❞✉ ❉❱❈❙ ✭✈♦✐r ❛♥♥❡①❡ ❉✮✳ ❊♥ ❡✛❡t✱ ❞❛♥s ❧❡ ré❣✐♠❡
❝✐♥é♠❛t✐q✉❡ ❞❡ ❍❊❘❆✱ ❧✬❛♠♣❧✐t✉❞❡ ❞✉ ❉❱❈❙ ❡st ♣r✐♥❝✐♣❛❧❡♠❡♥t ✐♠❛❣✐♥❛✐r❡ ❬❇❡❧✵✷❪✳ ▲❛
♠❡s✉r❡ ❞❡ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞✉ ❉❱❈❙ ♥❡ ♣❡r♠❡t ❞♦♥❝ q✉❡ ❞✬❛❝❝é❞❡r à ❧❛ ♣❛rt✐❡ ✐♠❛❣✐♥❛✐r❡
❞❡ ❧✬❛♠♣❧✐t✉❞❡✳ ❉❛♥s ❧❡ ♠♦❞è❧❡ ❞❡s ●P❉s✱ ❧❡ ❝❛❧❝✉❧ ❞❡ ❧❛ ♣❛rt✐❡ ré❡❧❧❡ ❞❡ ❧✬❛♠♣❧✐t✉❞❡ ❞✉
❉❱❈❙ ♥é❝❡ss✐t❡ ✉♥❡ ♣❛r❛♠étr✐s❛t✐♦♥ ❞❡s ●P❉s s✉r ❧✬❡♥s❡♠❜❧❡ ❞✉ ❞♦♠❛✐♥❡ ❡♥ x ❬❇❡❧✵✷✱
❑✉♠✵✽✱ ❑✉♠❪✳ ▲❛ ♠❡s✉r❡ ❞❡ ❝❡tt❡ q✉❛♥t✐té ❛♣♣♦rt❡ ❞♦♥❝ ✉♥❡ ✐♥❢♦r♠❛t✐♦♥ ♥♦✉✈❡❧❧❡ ❡t ❡st
✉♥ ❜♦♥ t❡st ❞❡ ❧❛ ✈❛❧✐❞✐té ❞❡s ♣❛r❛♠étr✐s❛t✐♦♥s ❞❡ ●P❉s ❡♠♣❧♦②é❡s ❞❛♥s ❧❡s ♠♦❞è❧❡s✳
▲✬❛s②♠étr✐❡ ♠❡s✉ré❡ ❡st r❡♣rés❡♥té❡ ❞❛♥s ❧❛ ✜❣✉r❡ ✸✳✶✷✳ ❊❧❧❡ ❡st ❝♦♠♣❛ré❡ à ❧❛ ♣ré❞✐❝t✐♦♥
❞✬✉♥ ♠♦❞è❧❡ ❞❡ ●P❉s ❬❑✉♠✵✽✱ ❑✉♠❪✱ q✉✐ ❡st ❡♥ ❜♦♥ ❛❝❝♦r❞ ❛✈❡❝ ♥♦tr❡ ♠❡s✉r❡✳ ▼ê♠❡ s✐ ❧❛
♣ré❝✐s✐♦♥ st❛t✐st✐q✉❡ ❡t s②sté♠❛t✐q✉❡ ❞❡ ❝❡tt❡ ♠❡s✉r❡ r❡st❡ ❧✐♠✐té❡✱ ❡❧❧❡ ❢♦✉r♥✐t ❝❡♣❡♥❞❛♥t
✉♥ ❜♦♥ t❡st ♣♦✉r ❧❡s ♠♦❞è❧❡s ❛❝t✉❡❧s✳
◆♦✉s ♦❜s❡r✈♦♥s ❛✉ss✐ q✉❡ ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡ ❜❛s x ❞❡ ♥♦tr❡ ♠❡s✉r❡✱ ❧❛ ♣❛rt✐❡ ré❡❧❧❡
❞❡ ❧✬❛♠♣❧✐t✉❞❡ ❞❡ ❉❱❈❙ ❡st ♣♦s✐t✐✈❡✳ ❊♥ ❝♦♠♣❛r❛✐s♦♥✱ à ♣❧✉s ❣r❛♥❞ x ✭x ∼ 0.1✮ ❡t
♣❧✉s ❜❛s Q2✱ ✉♥❡ ♣❛rt✐❡ ré❡❧❧❡ ♣❧✉s ❢❛✐❜❧❡ ❡t ♥é❣❛t✐✈❡ ❛ été ♠❡s✉ré❡ ♣❛r ❧❛ ❝♦❧❧❛❜♦r❛t✐♦♥
❍❊❘▼❊❙ ❬❆✐r✵✽❪ ✶✳ ❈❡ ❞❡r♥✐❡r rés✉❧t❛t ♥❡ s❡♠❜❧❡ ❞♦♥❝ ♣❛s ✐♥❞✐q✉❡r✱ ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❝✐✲
♥é♠❛t✐q✉❡ ❞❡ ❍❊❘▼❊❙✱ ✉♥❡ ❞é♣❡♥❞❛♥❝❡ ❡♥ é♥❡r❣✐❡ ❞✉r❡ ❞❡ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞❡ ❉❱❈❙✱
à ❧✬♦♣♣♦sé ❞❡ ♥♦tr❡ rés✉❧t❛t✳ ■❧ s❡r❛✐t ❞♦♥❝ ✐♥tér❡ss❛♥t ❞❡ ♣♦✉✈♦✐r s♦♥❞❡r ❧❛ ré❣✐♦♥ ✐♥t❡r✲
♠é❞✐❛✐r❡ ❡♥ x✱ ❞❡ tr❛♥s✐t✐♦♥ ❡♥tr❡ ❧❡s ❞❡✉① ré❣✐♠❡s ❞✬✐♥t❡r❛❝t✐♦♥s ❞✉r❡s ❡t ♠♦❧❧❡s✱ r❡s✲
♣❡❝t✐✈❡♠❡♥t à ❜❛s ❡t ❣r❛♥❞ x✳ ❈✬❡st ❝❡ q✉❡ ♣r♦♣♦s❡ ❧❡ ♣r♦❣r❛♠♠❡ ❢✉t✉r ❞❡ ❧✬❡①♣ér✐❡♥❝❡
❈❖▼P❆❙❙ ❬❞✬❍✵✷❪ ❡♥ ♠❡s✉r❛♥t ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞❡ ❉❱❈❙ ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡s x ✐♥t❡r✲
♠é❞✐❛✐r❡s ❡t ♣❡r♠❡tt❛♥t ❛✐♥s✐ ✉♥❡ ét✉❞❡ ❞ét❛✐❧❧é❡ ❞❡ ❧❛ ré❣✐♦♥ ❞❡ tr❛♥s✐t✐♦♥✳
✶■❧ ❢❛✉t ♥♦t❡r q✉❡ ❧❛ ❝♦♥✈❡♥t✐♦♥ ♣♦✉r ❧❛ ❞é✜♥✐t✐♦♥ ❞❡ ❧✬❛♥❣❧❡ φ ❛❧♦rs ✉t✐❧✐sé❡ ♣❛r ❍❊❘▼❊❙ ❡st ❞✐✛ér❡♥t❡
❞❡ ❝❡❧❧❡ ❛❞♦♣té❡ ❞❛♥s ♥♦tr❡ ❛♥❛❧②s❡✳
✹✷ ❈❤❛♣✐tr❡ ✸ ✲ ▲❛ ❝♦♠♣❧❡①✐té ❞❛♥s ❧❡ ♠♦❞è❧❡ st❛♥❞❛r❞ ✿ ✐♥t❡r❛❝t✐♦♥s ❞✐✛r❛❝t✐✈❡s
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GPDs model
❋✐❣✉r❡ ✸✳✶✷ ✿ ❆s②♠é✲
tr✐❡ ❞✉❡ à ❧❛ ❝❤❛r❣❡
❞✉ ❧❡♣t♦♥ ✐♥❝✐❞❡♥t ❡♥
❢♦♥❝t✐♦♥ ❞❡ ❧✬❛♥❣❧❡ φ
✭✈♦✐r ❛♥♥❡①❡ ❉✮✳ ▲❛ ❧✐❣♥❡
❡♥ ♣♦✐♥t✐❧❧és r❡♣rés❡♥t❡
❧❛ ❢♦♥❝t✐♦♥ 0.16 cosφ ❡t
❧❛ ❝♦✉r❜❡ ♣❧❡✐♥❡ ❧❛ ♣ré✲
❞✐❝t✐♦♥ ❞✬✉♥ ♠♦❞è❧❡ ❞❡
●P❉s ❬❑✉♠✵✽✱ ❑✉♠❪✳
✸✳✸✳✸ ▲❡ ❉❱❈❙ ❡t ❧❛ s❛t✉r❛t✐♦♥
❯♥❡ ♣r♦♣r✐été ✐♠♣♦rt❛♥t❡ ❞❡s ♠♦❞è❧❡s ❞❡ ❞✐♣ô❧❡s q✉✐ ✐♥❝❧✉❡♥t ❧❛ s❛t✉r❛t✐♦♥ ❡st q✉❡ ❧❛
s❡❝t✐♦♥ ❡✣❝❛❝❡ t♦t❛❧❡ ♣❡✉t êtr❡ ❡①♣r✐♠é❡ ❝♦♠♠❡ ✉♥❡ ❢♦♥❝t✐♦♥ ❞✬✉♥❡ s❡✉❧❡ ✈❛r✐❛❜❧❡ s❛♥s
❞✐♠❡♥s✐♦♥ τ ✿
σγ
∗p
tot (x,Q
2) = σγ
∗p
tot (τ), avec τ =
Q2
Q2s(x)
. ✭✸✳✶✸✮
❈❡tt❡ ♣r♦♣r✐été ❡st ❛♣♣❡❧é❡ ✐♥✈❛r✐❛♥❝❡ ❞✬é❝❤❡❧❧❡ ❣é♦♠étr✐q✉❡ ✭❣❡♦♠❡tr✐❝ s❝❛❧✐♥❣✮ ❡t ❡st ✐❧❧✉s✲
tré❡ ❞❛♥s ❧❛ ✜❣✉r❡ ✸✳✶✸ ♣♦✉r ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞❡ ❉■❙✳ ❊❧❧❡ ❡st ❧✬✐♥❞✐❝❛t✐♦♥ ❞❡ ❧✬❡①✐st❡♥❝❡
❞✬✉♥❡ é❝❤❡❧❧❡ ✐♥t❡r♥❡ ✭❧✬é❝❤❡❧❧❡ ❞❡ s❛t✉r❛t✐♦♥✮✱ ❝❛r❛❝tér✐s❛♥t ❧❡s s②stè♠❡s ❞❡ ♣❛rt♦♥s ❞❡♥s❡s✳
❊❧❧❡ ❛ été ♦❜s❡r✈é❡ ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡s ❜❛s x ♣♦✉r ❧❛ s❡❝t✐♦♥ ❡✣✲
❝❛❝❡ ❞❡ ❉■❙ ep ❬❙t❛✵✶❪✱ ♣♦✉r ❧❡s ré❛❝t✐♦♥s ♣r♦❢♦♥❞é♠❡♥t ✐♥é❧❛st✐q✉❡s s✉r ❞❡s ❝✐❜❧❡s ❞❡
♥✉❝❧é♦♥s ❬❋r❡✵✸❪ ❡t é❣❛❧❡♠❡♥t ♣♦✉r ❧❡s ♣r♦❝❡ss✉s ❞✐✛r❛❝t✐❢s ❬▼❛r✵✻❪✳
10
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E665
ZEUS+H1 high Q2 94-95
H1 low Q2 95
ZEUS BPC 95
ZEUS BPT 97
x<0.01
all Q2
t
s
to
tg
*
p  
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❋✐❣✉r❡ ✸✳✶✸ ✿ ▼❡s✉r❡s ❡①♣ér✐✲
♠❡♥t❛❧❡s ❞❡ σγ
∗p ♣♦✉r ❧❛ ré❣✐♦♥
x < 0.01 r❡♣rés❡♥té❡s ❡♥ ❢♦♥❝✲
t✐♦♥ ❞❡ ❧❛ ✈❛r✐❛❜❧❡ ❞✬✐♥✈❛r✐❛♥❝❡
❞✬é❝❤❡❧❧❡ τ ✭❞✬❛♣rès ❬❙t❛✵✶❪✮✳
■❧ ❡st ❞♦♥❝ ✐♥tér❡ss❛♥t ❞✬✉t✐❧✐s❡r ❝❡s ♥♦✉✈❡❧❧❡s ❞♦♥♥é❡s s✉r ❧❡ ❉❱❈❙ ♣♦✉r ✈ér✐✜❡r ❛✈❡❝
✉♥❡ ♠❡✐❧❧❡✉r❡ ♣ré❝✐s✐♦♥ ❝❡tt❡ ♣r♦♣r✐été ❞✬✐♥✈❛r✐❛♥❝❡ ❞✬é❝❤❡❧❧❡ ❣é♦♠étr✐q✉❡✳ ❆✐♥s✐✱ ❧❛ s❡❝t✐♦♥
✸✳✹ ✲ ❈♦♥❝❧✉s✐♦♥s ✹✸
❡✣❝❛❝❡ ❞❡ ❉❱❈❙ ❡st ♣rés❡♥té❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ✈❛r✐❛❜❧❡ τ ❞❛♥s ❧❛ ✜❣✉r❡ ✸✳✶✹✳ ◆♦✉s ♦❜s❡r✲
✈♦♥s q✉❡ t♦✉t❡s ❧❡s ✈❛❧❡✉rs s✬❛❧✐❣♥❡♥t ❜✐❡♥ s✉r ✉♥❡ ♠ê♠❡ ❝♦✉r❜❡✱ ❝❡ q✉✐ ❡st ❧❛ ♠❛♥✐❢❡st❛t✐♦♥
❞❡ ❧✬❡✛❡t ❞❡ ❧❛ s❛t✉r❛t✐♦♥✳ ▲❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞✉ ❉❱❈❙ ❡st ❞♦♥❝ ❜✐❡♥ ❝♦♠♣❛t✐❜❧❡ ❛✈❡❝ ❧❛
❧♦✐ ❞✬✐♥✈❛r✐❛♥❝❡ ❞✬é❝❤❡❧❧❡ ❣é♦♠étr✐q✉❡ ♣ré❞✐t❡ ♣❛r ❧❡ ♠♦❞è❧❡ ✉t✐❧✐sé✳ ▲❛ ❞é♣❡♥❞❛♥❝❡ ❞❡ ❧❛
s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞✉ ❉❱❈❙ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ τ ❛ ❛✉ss✐ ♣✉ êtr❡ ét✉❞✐é❡ ♣♦✉r ❧❛ ♣r❡♠✐èr❡ ❢♦✐s
✭✈♦✐r ❛♥♥❡①❡ ❈✮ ❡t ❝❡tt❡ ♣r♦♣r✐été ❞✬✐♥✈❛r✐❛♥❝❡ ❞✬é❝❤❡❧❧❡ ❣é♦♠étr✐q✉❡ ❛ ❛❧♦rs été ✈ér✐✜é❡
♣♦✉r ❞✐✛ér❡♥t❡s ✈❛❧❡✉rs ❞❡ t✳
H1 HERA I
H1 HERA II e-p
Dipole model
H1
10-1
1
10
10 102
τ
σ
D
VC
S 
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b]
❋✐❣✉r❡ ✸✳✶✹ ✿ ❙❡❝t✐♦♥ ❡✣❝❛❝❡
❞❡ ❉❱❈❙ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ✈❛✲
r✐❛❜❧❡ ❞✬é❝❤❡❧❧❡ τ = Q2/Q2s(x)✳
▲❛ ❝♦✉r❜❡ ❡♥ ♣♦✐♥t✐❧❧és r❡♣rés❡♥t❡
❧❡s ♣ré❞✐❝t✐♦♥s ❞✬✉♥ ♠♦❞è❧❡ ❞❡ ❞✐✲
♣ô❧❡s ❬■❛♥✵✹✱ ▼❛r✵✻❪✳
✸✳✹ ❈♦♥❝❧✉s✐♦♥s
❆✉ tr❛✈❡rs ❞❡ ❝❡ ❝❤❛♣✐tr❡✱ ♥♦✉s ❛✈♦♥s ✈✉ q✉❡ ❧❡s ✐♥t❡r❛❝t✐♦♥s ❞✐✛r❛❝t✐✈❡s à ❍❊❘❆ ♦✛r❡♥t
❞❡ ♥♦✉✈❡❧❧❡s ❢❡♥êtr❡s ♣♦✉r ❧✬ét✉❞❡ ❞❡ ❧❛ str✉❝t✉r❡ ❞✉ ♣r♦t♦♥ à ❜❛s x ❡t ❞❡ ❧❛ ❞②♥❛♠✐q✉❡
◗❈❉✳
▲❛ ❞✐✛✉s✐♦♥ ❞✐✛r❛❝t✐✈❡ ✐♥❝❧✉s✐✈❡ ♣❡r♠❡t ❛✐♥s✐ ❞❡ r❡❣❛r❞❡r ❧✬✐♥t❡r❛❝t✐♦♥ ❞❡ s✐♥❣✉❧❡ts ❞❡
❝♦✉❧❡✉r ❞❡ ♣❡t✐t❡s t❛✐❧❧❡s ❛✈❡❝ ❧❡ ♣r♦t♦♥ ❡t ❞❡ s♦♥❞❡r ❛✐♥s✐ s♦♥ ❝♦♥t❡♥✉ ❡♥ ♣❛rt♦♥s ❞❡ ❜❛s
x✱ ❞✐✛ér❡♠♠❡♥t ❡t ❛✈❡❝ ✉♥❡ ♠❡✐❧❧❡✉r❡ s❡♥s✐❜✐❧✐té q✉❡ ❧❡s ✐♥t❡r❛❝t✐♦♥s ❞❡ ❉■❙✳
▲❡s ✐♥t❡r❛❝t✐♦♥s ❞✐✛r❛❝t✐✈❡s à ❍❊❘❆ ❞♦♥♥❡♥t é❣❛❧❡♠❡♥t ❛❝❝ès à ❞❡s ❞❡♥s✐tés très
❣r❛♥❞❡s ❞❡ ♣❛rt♦♥s ❞❛♥s ❧❡ ♣r♦t♦♥✳ ❊❧❧❡s ♣❡r♠❡tt❡♥t ❛✐♥s✐ ❞✬ét✉❞✐❡r ❧❛ ❞②♥❛♠✐q✉❡ ❞❡ ❧❛
◗❈❉ ❞❛♥s ❝❡ ré❣✐♠❡ ♣❛rt✐❝✉❧✐❡r ❞✐t ❞❡ s❛t✉r❛t✐♦♥✱ ❛✈❡❝ ❞❡s ❝♦♥♥❡❝t✐♦♥s ✐♥tér❡ss❛♥t❡s ❛✈❡❝
❧❡s ♠❡s✉r❡s ❡✛❡❝t✉é❡s ❡♥ ❝♦❧❧✐s✐♦♥s ❞✬✐♦♥s ❧♦✉r❞s✳ ❆✐♥s✐✱ ❧❡s ❡st✐♠❛t✐♦♥s ❞❡ ❧✬é❝❤❡❧❧❡ ❞❡ s❛✲
t✉r❛t✐♦♥ Q2s(x) ❢❛✐t❡s à ❍❊❘❆ ♣❡✉✈❡♥t êtr❡ ✉t✐❧✐sé❡s ♣♦✉r ❞é❝r✐r❡ ❝❡rt❛✐♥❡s ❝❛r❛❝tér✐st✐q✉❡s
❞❡s ❞♦♥♥é❡s ♦❜t❡♥✉❡s ❛✉ ❘❍■❈ ❬❑❤❛✵✶✱ ❑r❛✵✸❪✳
▲❡s ♠❡s✉r❡s ❞❡ ❉❱❈❙✱ ❡t ♣❧✉s ❣é♥ér❛❧❡♠❡♥t ❞❡ ♣r♦❞✉❝t✐♦♥ ❞❡ ♠és♦♥s ✈❡❝t❡✉rs✱ à ❍❊❘❆
♣❡r♠❡tt❡♥t q✉❛♥t à ❡❧❧❡s ❞✬♦❜t❡♥✐r ❞❡ ♥♦✉✈❡❧❧❡s ✐♥❢♦r♠❛t✐♦♥s s✉r ❧❛ str✉❝t✉r❡ ❡♥ tr♦✐s ❞✐✲
♠❡♥s✐♦♥s ❞✉ ♣r♦t♦♥ ❡t s✉r s♦♥ ❡①t❡♥s✐♦♥ tr❛♥s✈❡rs❡✳ ❊❧❧❡s ♣❡r♠❡tt❡♥t ❞❡ ❝♦♠♣❧ét❡r ❛✐♥s✐
❧✬✐♠❛❣❡ ❡♥ ✐♠♣✉❧s✐♦♥ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❞✉ ♣r♦t♦♥ ❞♦♥♥é❡ ♣❛r ❧❛ ♠❡s✉r❡ ❞❡s P❉❋s✳ ▲❡ ♣r♦❝❡s✲
s✉s ❞❡ ❉❱❈❙ ♣❡r♠❡t é❣❛❧❡♠❡♥t ❞✬❛❝❝é❞❡r ❛✉① ❝♦rré❧❛t✐♦♥s ❡♥tr❡ ♣❛rt♦♥s ❞❛♥s ❧❡ ♣r♦t♦♥✱
❛♣♣♦rt❛♥t ❛✐♥s✐ ❞❡s é❧é♠❡♥ts ❛❞❞✐t✐♦♥♥❡❧s ♣♦✉r ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡s ●P❉s✳
✹✹ ❈❤❛♣✐tr❡ ✸ ✲ ▲❛ ❝♦♠♣❧❡①✐té ❞❛♥s ❧❡ ♠♦❞è❧❡ st❛♥❞❛r❞ ✿ ✐♥t❡r❛❝t✐♦♥s ❞✐✛r❛❝t✐✈❡s
❯♥❡ ♠❡✐❧❧❡✉r❡ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡s ❝♦rré❧❛t✐♦♥s ❡♥tr❡ ❧❛ ❞✐str✐❜✉t✐♦♥ tr❛♥s✈❡rs❡ ❞❡s ♣❛r✲
t♦♥s ❞✉ ♣r♦t♦♥ ❡t ❧❡✉r ❢r❛❝t✐♦♥ ❞✬✐♠♣✉❧s✐♦♥ ❡st ♥♦♥ s❡✉❧❡♠❡♥t ✐♥tér❡ss❛♥t❡ ❡♥ ❡❧❧❡✲♠ê♠❡
♣♦✉r ❞é❝r✐r❡ ❧❛ str✉❝t✉r❡ ✐♥t❡r♥❡ ❞❡s ❤❛❞r♦♥s✱ ♠❛✐s ❡❧❧❡ ❛ ❛✉ss✐ ❞❡s ❝♦♥séq✉❡♥❝❡s ♣r❛t✐q✉❡s
♣♦✉r ❧❡s ❝♦❧❧✐s✐♦♥s ❤❛❞r♦♥s✲❤❛❞r♦♥s✳ ❈♦♥s✐❞ér♦♥s ❧❛ ♣r♦❞✉❝t✐♦♥ ❞✬✉♥ s②stè♠❡ ❞❡ ❣r❛♥❞❡
♠❛ss❡✱ ✉♥❡ ♣❛rt✐❝✉❧❡ ❧♦✉r❞❡ ♦✉ ❞❡✉① ❥❡ts✳ ❙❡❧♦♥ ❧❛ ❢❛❝t♦r✐s❛t✐♦♥ ❞✉r❡ st❛♥❞❛r❞✱ s❡✉❧❡s ❧❡s
❞✐str✐❜✉t✐♦♥s ❞❡ ♣❛rt♦♥s ✐♥té❣ré❡s s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡s ♣❛r❛♠ètr❡s ❞✬✐♠♣❛❝t s♦♥t ✉t✐❧❡s ♣♦✉r
❞ét❡r♠✐♥❡r s❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞❡ ♣r♦❞✉❝t✐♦♥ ✐♥❝❧✉s✐✈❡✳ ▲❡s ❞✐str✐❜✉t✐♦♥s ❞❡ ♣❛rt♦♥s ❡♥ ♣❛✲
r❛♠ètr❡ ❞✬✐♠♣❛❝t ✭❞❛♥s ❧❡ ♣❧❛♥ tr❛♥s✈❡rs❡✮ ♥❡ ❥♦✉❡♥t ❛❧♦rs ❛✉❝✉♥ rô❧❡✳ ■❧ ♣❡✉t ❝❡♣❡♥❞❛♥t
s❡ ♣r♦❞✉✐r❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s ❛❞❞✐t✐♦♥♥❡❧❧❡s✱ ❞❛♥s ❧❛ ♠ê♠❡ ❝♦❧❧✐s✐♦♥✱ t♦✉t ♣❛rt✐❝✉❧✐èr❡♠❡♥t
à ❤❛✉t❡ é♥❡r❣✐❡ ❝♦♠♠❡ ❛✉ ❚❡✈❛tr♦♥ ♦✉ ❛✉ ▲❍❈✳ ▲❡s ❡✛❡ts ❞❡ ❝❡s ✐♥t❡r❛❝t✐♦♥s s❡❝♦♥❞❛✐r❡s
s✬❛♥♥✉❧❡♥t ❧♦rsq✉❡ ♥♦✉s r❡❣❛r❞♦♥s ❞❡s ♦❜s❡r✈❛❜❧❡s s✉✣s❛♠♠❡♥t ✐♥❝❧✉s✐✈❡s✳ ❊❧❧❡s ❛✛❡❝t❡♥t
❝❡♣❡♥❞❛♥t ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡ ❧✬é✈é♥❡♠❡♥t ❡t ❞♦✐✈❡♥t ❡♥ ♣r❛t✐q✉❡ êtr❡ ♣r✐s❡s ❡♥ ❝♦♠♣t❡✳
▲❛ ❞✐str✐❜✉t✐♦♥ tr❛♥s✈❡rs❡ ❞❡s ♣❛rt♦♥s ❞✉ ♣r♦t♦♥ ❞❡✈✐❡♥t ❛❧♦rs ✐♠♣♦rt❛♥t❡✳ ❊♥ ❡✛❡t✱ ❧❛ ♣r♦✲
❞✉❝t✐♦♥ ❞✬✉♥ s②stè♠❡ ❧♦✉r❞ r❡q✉✐❡rt q✉❡ ❧❡s ♣❛rt♦♥s ✐♥t❡r❛❣✐ss❛♥t ❛✐❡♥t ❞❡ ❣r❛♥❞❡s ❢r❛❝t✐♦♥s
❞✬✐♠♣✉❧s✐♦♥✳ ▲❛ ❞✐str✐❜✉t✐♦♥ ❡♥ ♣❛r❛♠ètr❡ ❞✬✐♠♣❛❝t ❞❡ ❝❡s ♣❛rt♦♥s✱ ❛❧♦rs étr♦✐t❡✱ ❢♦r❝❡ ❧❛
❝♦❧❧✐s✐♦♥ à êtr❡ ♣❧✉s ❝❡♥tr❛❧❡✱ ❝❡ q✉✐ ❞❡ ❝❡ ❢❛✐t ❛❝❝r♦ît ❧❛ ♣r♦❜❛❜✐❧✐té ❞✬✐♥t❡r❛❝t✐♦♥s ♠✉❧t✐♣❧❡s
❞❛♥s ❧✬é✈é♥❡♠❡♥t✳
▲❛ ❝♦♥♥❛✐ss❛♥❝❡ ❞❡s ❝♦rré❧❛t✐♦♥s ❡♥tr❡ ❧❡s ❞✐str✐❜✉t✐♦♥s tr❛♥s✈❡rs❡ ❡t ❡♥ ✐♠♣✉❧s✐♦♥ ❞❡s
♣❛rt♦♥s ❞✉ ♣r♦t♦♥ ❡st ❞♦♥❝ ✐♠♣♦rt❛♥t❡ ♣♦✉r ♣♦✉✈♦✐r ❞é❝r✐r❡ ❧❡s ✐♥t❡r❛❝t✐♦♥s ♠✉❧t✐♣❧❡s ❛✉
▲❍❈ ♦✉ ❛✉ ❚❡✈❛tr♦♥ ❬❋r❛✵✹❪✳
✸✳✺ ❈♦♥tr✐❜✉t✐♦♥s ♣❡rs♦♥♥❡❧❧❡s
❆ ♣❛rt✐r ❞❡ 2005✱ ❥✬❛✐ tr❛✈❛✐❧❧é ❡♥ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ▲❛✉r❡♥t ❙❝❤♦❡✛❡❧✱ ♣❤②s✐❝✐❡♥ ❛✉
❙PP✲■r❢✉ ❞✉ ❈❊❆ ❙❛❝❧❛②✱ ♣♦✉r ❧✬ét✉❞❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s ❞✐✛r❛❝t✐✈❡s à ❍❊❘❆✳
◆♦✉s ❛✈♦♥s ❛✐♥s✐ ré❛❧✐sé ✉♥❡ ♠❡s✉r❡ ♣ré❧✐♠✐♥❛✐r❡ ❞❡ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞❡ ❉❉■❙ ✉t✐❧✐s❛♥t
❞❡s ❞♦♥♥é❡s ❞❡ ❍❊❘❆ ■ ❡t ❍❊❘❆ ■■✱ ❛✜♥ ❞✬❛✉❣♠❡♥t❡r ❧❛ ♣ré❝✐s✐♦♥ st❛t✐st✐q✉❡ ❞❡ ❧❛ ♠❡s✉r❡
♣❛r r❛♣♣♦rt ❛✉① rés✉❧t❛ts ❛❧♦rs ❡①✐st❛♥ts✳ ❈❡ rés✉❧t❛t ❛ été ♣rés❡♥té ❡♥ ❝♦♥❢ér❡♥❝❡s ❡♥ 2006✳
❆ ❧✬é♣♦q✉❡✱ ❞❡✉① ♠ét❤♦❞❡s ❞✐✛ér❡♥t❡s ét❛✐❡♥t ❡♠♣❧♦②é❡s ♣❛r ❧❡s ❝♦❧❧❛❜♦r❛t✐♦♥s ❍✶ ❡t ❩❊❯❙
♣♦✉r ❡①tr❛✐r❡ ❧❡s é✈é♥❡♠❡♥ts ❞❡ ❉❉■❙ ❞❡s é✈é♥❡♠❡♥ts ❞❡ ❉■❙✳ ▲❡s ❛♥❛❧②s❡s ♠❡♥é❡s ❞❛♥s ❍✶
ét❛✐❡♥t tr❛❞✐t✐♦♥♥❡❧❧❡♠❡♥t ❜❛sé❡s s✉r ❧❛ ♠❡s✉r❡ ❞✬✉♥ ✐♥t❡r✈❛❧❧❡ ❡♥ r❛♣✐❞✐té ✭▲❘●✮✱ ❛❧♦rs q✉❡
❩❊❯❙ ✉t✐❧✐s❛✐t ❧❛ ♠❡s✉r❡ ❞❡ MX ♣♦✉r ❡✛❡❝t✉❡r ❧❛ sé♣❛r❛t✐♦♥✳ ❈❡tt❡ ❞✐✛ér❡♥❝❡ ét❛✐t ❛❧♦rs
s♦✉r❝❡ ❞❡ ❝♦♥✢✐t ❡♥tr❡ ❧❡s ❞❡✉① ❡①♣ér✐❡♥❝❡s✱ ❧♦rs ❞❡ ❧❛ ❝♦♠♣❛r❛✐s♦♥ ❞❡s rés✉❧t❛ts r❡s♣❡❝t✐❢s✳
◆♦✉s ❛✈♦♥s ❛❧♦rs ❛♣♣❧✐q✉é ♣♦✉r ❧❛ ♣r❡♠✐èr❡ ❢♦✐s ❧❛ ♠ét❤♦❞❡ ❞✐t❡ MX ❡♠♣❧♦②é❡ ♣❛r
❩❊❯❙ ❛✉① ❞♦♥♥é❡s ❞❡ ❍✶✱ ❛✜♥ ❞❡ ♣♦✉✈♦✐r ❝♦♠♣❛r❡r ❧❡s ❞❡✉① ♠ét❤♦❞❡s ❡t ❡st✐♠❡r ❧❡✉rs
❜✐❛✐s ❡①♣ér✐♠❡♥t❛✉① ♣♦t❡♥t✐❡❧s s✉r ✉♥ ♠ê♠❡ ❧♦t ❞❡ ❞♦♥♥é❡s ❞❡ ❣r❛♥❞❡ st❛t✐st✐q✉❡✳ ◆♦✉s
❡♥ ❛✈♦♥s ❝♦♥❝❧✉ q✉❡ ❧❡s ❞❡✉① ♠ét❤♦❞❡s ét❛✐❡♥t ❡♥ ❜♦♥ ❛❝❝♦r❞ s✉r ❧❡ ❞♦♠❛✐♥❡ ❝✐♥é♠❛t✐q✉❡
❝♦♥s✐❞éré✳ ▲❛ ❞é♠❛r❝❤❡ ✐♥✈❡rs❡ ❞✬✉t✐❧✐s❡r ❧❛ ♠ét❤♦❞❡ ▲❘● ❛ ❞❡♣✉✐s été r❡♣r✐s❡ ♣❛r ❩❊❯❙
♣♦✉r ét✉❞✐❡r ❧❡✉rs ❞♦♥♥é❡s✳ ◆♦✉s tr❛✈❛✐❧❧♦♥s ❛❝t✉❡❧❧❡♠❡♥t à ✉♥❡ ♠❡s✉r❡ ❞❡ F 2D ❜❛sé❡ s✉r
❧✬❡♥s❡♠❜❧❡ ❞❡s ❞♦♥♥é❡s ❞❡ ❍✶ ❡♥r❡❣✐stré❡s ❡♥tr❡ 1999 ❡t 2007✳
◆♦✉s ❛✈♦♥s ❡♥s✉✐t❡ ét✉❞✐é ❧❡ ♣r♦❝❡ss✉s ❞❡ ❉❱❈❙ ❡♥ ré❛❧✐s❛♥t ❞❡✉① ♣✉❜❧✐❝❛t✐♦♥s ♣♦rt❛♥t
s✉r ❧❡s ❞♦♥♥é❡s ❍❊❘❆ ■■ ✭✈♦✐r ❛♥♥❡①❡s ❈ ❡t ❉✮✳ ❈❡s ♠❡s✉r❡s ❞❡ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞❡ ❉❱❈❙
❡♥ ❝♦❧❧✐s✐♦♥s ep à ❍❊❘❆ s♦♥t ❧❡s ♣❧✉s ♣ré❝✐s❡s à ❝❡ ❥♦✉r ❡t ♥♦✉s ❛✈♦♥s ♠❡s✉ré ❧✬❛s②♠étr✐❡
❞✉ ♣r♦❝❡ss✉s ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❝❤❛r❣❡ ❞✉ ❧❡♣t♦♥ ✐♥❝✐❞❡♥t✱ ♣♦✉r ❧❛ ♣r❡♠✐èr❡ ❢♦✐s ❞❛♥s ❝❡
❞♦♠❛✐♥❡ ❝✐♥é♠❛t✐q✉❡✳
❈❤❛♣✐tr❡ ✹ ✲ ▲❛ ❢r♦♥t✐èr❡ à ❤❛✉t❡ é♥❡r❣✐❡ ❞✉ ♠♦❞è❧❡ st❛♥❞❛r❞ ✹✺
❈❤❛♣✐tr❡ ✹
▲❛ ❢r♦♥t✐èr❡ à ❤❛✉t❡ é♥❡r❣✐❡ ❞✉ ♠♦❞è❧❡
st❛♥❞❛r❞
❆ ❧✬❤❡✉r❡ ❛❝t✉❡❧❧❡✱ ❍❊❘❆ ❢❛✐t ♣❛rt✐❡✱ ❛✈❡❝ ❧❡ ▲❊P ❡t ❧❡ ❚❡✈❛tr♦♥✱ ❞❡s tr♦✐s ♣❧✉s ❣r❛♥❞s
❝♦❧❧✐s✐♦♥♥❡✉rs ❞❡ ♣❛rt✐❝✉❧❡s ❛②❛♥t ♦♣éré✱ ♦✉ ♦♣ér❛♥t✱ à ❧❛ ❢r♦♥t✐èr❡ à ❤❛✉t❡ é♥❡r❣✐❡ ❞✉ ♠♦❞è❧❡
st❛♥❞❛r❞✳ ▲❛ ❧✉♠✐♥♦s✐té ♠❛✐♥t❡♥❛♥t ❛❝❝✉♠✉❧é❡ à ❍❊❘❆ ♣❡r♠❡t ❞❡ r❡❝❤❡r❝❤❡r ❞❡ ♥♦✉✈❡❛✉①
♣r♦❝❡ss✉s ♦✉ ❞❡ s♦♥❞❡r ❞❡s ♣r♦❝❡ss✉s r❛r❡s ❞✉ ▼❙ ❛②❛♥t ✉♥❡ s❡❝t✐♦♥ ❡✣❝❛❝❡ ✐♥❢ér✐❡✉r❡ à
1 ♣❜✳
❉❡ ♠❛♥✐èr❡ ❣é♥ér❛❧❡✱ ❍❊❘❆✱ à ❧❛ ❞✐✛ér❡♥❝❡ ❞✉ ❚❡✈❛tr♦♥ ♦✉ ❞✉ ▲❊P✱ ♥✬❡st ♣❛s ✉♥❡ ♠❛✲
❝❤✐♥❡ ❞✬❛♥♥✐❤✐❧❛t✐♦♥ ❞❡ ❞❡✉① ♣❛rt✐❝✉❧❡s✳ ❊♥ ❝♦❧❧✐s✐♦♥s pp¯ ♦✉ e+e−✱ t♦✉t❡ ♥♦✉✈❡❧❧❡ ♣❛rt✐❝✉❧❡
♣❡✉t êtr❡ ♣r♦❞✉✐t❡ ♣❛r ♣❛✐r❡✱ ❡♥ ✈♦✐❡ s✱ ♣❛r ❝♦✉♣❧❛❣❡ à ✉♥ ❜♦s♦♥ ❞❡ ❥❛✉❣❡ ❞✉ ▼❙✳ ❆ ❍❊❘❆✱
❡♥ r❡✈❛♥❝❤❡✱ ❧❡ ❜♦s♦♥ ❞✉ ▼❙ é❝❤❛♥❣é s❡ tr♦✉✈❡ ❞❛♥s ❧❛ ✈♦✐❡ t✱ ❝❡ q✉✐ ✈❛ ❧✐♠✐t❡r ❧❡s r❡❝❤❡r❝❤❡s
♣r✐♥❝✐♣❛❧❡♠❡♥t à ❧❛ ♣r♦❞✉❝t✐♦♥ s✐♠♣❧❡ ❞❡ ♥♦✉✈❡❧❧❡s ♣❛rt✐❝✉❧❡s✳ ❙❡✉❧s ❞❡ ♥♦✉✈❡❛✉① ❜♦s♦♥s✱
❝♦✉♣❧❛♥t ❞✐r❡❝t❡♠❡♥t ❛✉① ❧❡♣t♦♥s ❡t ❛✉① q✉❛r❦s ♣♦✉rr❛✐❡♥t êtr❡ ♣r♦❞✉✐ts ❡♥ ❝♦❧❧✐s✐♦♥s eq✱ ❡♥
✈♦✐❡ s✳ ❉❛♥s ❝❡s ❝❛s✱ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞✬✉♥❡ ♣r♦❞✉❝t✐♦♥ ❞❡ ♥♦✉✈❡❧❧❡ ♣❛rt✐❝✉❧❡ ✈❛ ❞é♣❡♥❞r❡
❞❡ s♦♥ ❝♦✉♣❧❛❣❡✱ ♥♦♥ ❝♦♥♥✉✱ ❛✉① ❝❤❛♠♣s ❞✉ ▼❙✳ ❆✐♥s✐ ❧❡s r❡❝❤❡r❝❤❡s à ❍❊❘❆ ♥❡ ♣❡✉✈❡♥t
❢♦✉r♥✐r ❞❡ ❝♦♥tr❛✐♥t❡s ❛❜s♦❧✉❡s s✉r ❧❛ ♠❛ss❡ ❞❡ ♥♦✉✈❡❧❧❡s ♣❛rt✐❝✉❧❡s✳ ❈❡♣❡♥❞❛♥t✱ ❧✬♦❜s❡r✈❛✲
t✐♦♥ ❡♥ ❝♦❧❧✐s✐♦♥s ep ❞❡ t♦✉t❡ ♥♦✉✈❡❧❧❡ ♣❛rt✐❝✉❧❡ ❢♦✉r♥✐r❛✐t✱ ♥♦♥ s❡✉❧❡♠❡♥t ✉♥❡ ✐♥❢♦r♠❛t✐♦♥
s✉r s❛ ♠❛ss❡✱ ♠❛✐s ❛✉ss✐ s✉r s♦♥ ❝♦✉♣❧❛❣❡ ❛✉ ▼❙✳
❆ ❍❊❘❆✱ ❧❡ ❜r✉✐t ❞❡ ❢♦♥❞ ◗❈❉✱ q✉✐ ❡st ✐♠♣♦rt❛♥t ❛✉ ❚❡✈❛tr♦♥✱ ❞❡✈✐❡♥t ♠♦✐♥s ♣r♦❜❧é✲
♠❛t✐q✉❡✳ ❈❡❝✐ ♣❡r♠❡t ❛❧♦rs ❞✬✐♥✈❡st✐❣✉❡r ✉♥ ♣❧✉s ❧❛r❣❡ s♣❡❝tr❡ ❞❡ ❝❛♥❛✉① ❞❡ ❞és✐♥té❣r❛t✐♦♥
❡t ❞✬ét❡♥❞r❡ ❧❛ s❡♥s✐❜✐❧✐té ❞❡ ❍❊❘❆ à ❞❡s ré❣✐♦♥s ❞❡ ❧✬❡s♣❛❝❡ ❞❡s ♣❛r❛♠ètr❡s ✐♥❛❝❝❡ss✐❜❧❡s
❛✉ ❚❡✈❛tr♦♥✳ ▲❡s r❡❝❤❡r❝❤❡s ♠❡♥é❡s ❛✉ ▲❊P ❜é♥é✜❝✐❡♥t q✉❛♥t à ❡❧❧❡s ❞❡ ❜❛s ❜r✉✐ts ❞❡ ❢♦♥❞
❡t ❞❡ ❣r❛♥❞❡s ❧✉♠✐♥♦s✐tés✱ ♠❛✐s s♦♥t ❧✐♠✐té❡s ♣❛r ❧✬é♥❡r❣✐❡ ❞✐s♣♦♥✐❜❧❡ ❞❛♥s ❧❡ ❝❡♥tr❡ ❞❡
♠❛ss❡✱ ♣❧✉s ❢❛✐❜❧❡ q✉✬à ❍❊❘❆ ♦✉ ❛✉ ❚❡✈❛tr♦♥✳
❉❛♥s ❧❛ q✉êt❡ ❞❡ ❞é✈✐❛t✐♦♥s ❛✉① ♣ré❞✐❝t✐♦♥s ❞✉ ▼❙✱ ❞❡✉① ❣r❛♥❞❡s ✈♦✐❡s s✬♦✛r❡♥t à
♥♦✉s✳ ▲❛ ♣r❡♠✐èr❡ ♣♦ss✐❜✐❧✐té ❡st ❞❡ r❡❝❤❡r❝❤❡r✱ ❞❛♥s ❧❡s ❞♦♥♥é❡s✱ ❧❡s s✐❣♥❛t✉r❡s s♣é❝✐✜q✉❡s
♣ré❞✐t❡s ♣❛r ❞✐✛ér❡♥t❡s ❡①t❡♥s✐♦♥s t❤é♦r✐q✉❡s ♣♦ss✐❜❧❡s ❛✉ ▼❙✳ ▲❛ s❡❝♦♥❞❡ ❛♣♣r♦❝❤❡✱ ❞✐t❡
♠♦❞è❧❡ ✐♥❞é♣❡♥❞❛♥t❡✱ ❝♦♥s✐st❡ à s✬❛✛r❛♥❝❤✐r ❞❡ t♦✉t à ♣r✐♦r✐ t❤é♦r✐q✉❡✱ ❡♥ ❞❡❤♦rs ❞✉ ▼❙✱
❡t à ❝❤❡r❝❤❡r ❞❡s ❞é✈✐❛t✐♦♥s ❧♦rs ❞❡ ❝♦♠♣❛r❛✐s♦♥s ♣ré❝✐s❡s ❡♥tr❡ ❞♦♥♥é❡s ❡t ♣ré❞✐❝t✐♦♥s ❞✉
▼❙✱ ♣♦✉r ❝❡rt❛✐♥❡s t♦♣♦❧♦❣✐❡s ❞✬ét❛ts ✜♥❛❧s s♣é❝✐✜q✉❡s✳ ❈❡❝✐ ♣❡✉t ❛❧♦rs s❡ ❢❛✐r❡ ❡♥ ét✉❞✐❛♥t
❞❡s ♣r♦❝❡ss✉s r❛r❡s ❞✉ ▼❙✱ ❛②❛♥t ✉♥❡ ❢❛✐❜❧❡ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❡t ♣rés❡♥t❛♥t ♣❡✉ ❞❡ ❜r✉✐ts ❞❡
❢♦♥❞✳ ▲❛ ♠ét❤♦❞❡ ❧❛ ♣❧✉s ❣é♥ér❛❧❡ ❝♦♥s✐st❡ à ✐♥✈❡st✐❣✉❡r ❞❡ ♠❛♥✐èr❡ ❣é♥ér✐q✉❡ ❧✬❡♥s❡♠❜❧❡
❞❡s ét❛ts ✜♥❛❧s ♣♦✉✈❛♥t êtr❡ ♣r♦❞✉✐ts✳
❇✐❡♥ sûr✱ t♦✉t❡ r❡❝❤❡r❝❤❡ ❞❡ ♥♦✉✈❡❧❧❡ ♣❤②s✐q✉❡✱ q✉✬❡❧❧❡ s♦✐t ♠♦❞è❧❡ ✐♥❞é♣❡♥❞❛♥t❡ ♦✉
✐♥✐t✐é❡ ♣❛r ✉♥ ❝❡rt❛✐♥ ♠♦❞è❧❡✱ r❡♣♦s❡ ❛✈❛♥t t♦✉t s✉r ✉♥❡ ❜♦♥♥❡ ❝♦♠♣ré❤❡♥s✐♦♥✱ ❡t ♠♦❞é✲
❧✐s❛t✐♦♥ ♣❛r ❧❡s ❣é♥ér❛t❡✉rs ▼♦♥t❡ ❈❛r❧♦ ❞✐s♣♦♥✐❜❧❡s✱ ❞❡s ♣r♦❝❡ss✉s ❞✉ ▼❙✱ ❛✐♥s✐ q✉✬✉♥❡
✹✻ ❈❤❛♣✐tr❡ ✹ ✲ ▲❛ ❢r♦♥t✐èr❡ à ❤❛✉t❡ é♥❡r❣✐❡ ❞✉ ♠♦❞è❧❡ st❛♥❞❛r❞
❡①❝❡❧❧❡♥t❡ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡ ❧❛ ré♣♦♥s❡ ❞✉ ❞ét❡❝t❡✉r s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡ ❧✬❡s♣❛❝❡ ❞❡ ♣❤❛s❡
❛❝❝❡ss✐❜❧❡✳
✹✳✶ ❘❡❝❤❡r❝❤❡s s♣é❝✐✜q✉❡s ❞❡ ♥♦✉✈❡❧❧❡ ♣❤②s✐q✉❡
❊♥ t❛♥t q✉❡ ❝♦❧❧✐s✐♦♥♥❡✉r é❧❡❝tr♦♥✲♣r♦t♦♥✱ ❍❊❘❆ ❡st ✉♥❡ ♠❛❝❤✐♥❡ ✐❞é❛❧❡ ♣♦✉r ❧❛ r❡✲
❝❤❡r❝❤❡ ❞❡ ♣❛rt✐❝✉❧❡s ❝♦✉♣❧❛♥t ❞✐r❡❝t❡♠❡♥t ❛✉① q✉❛r❦s ❡t ❛✉① ❧❡♣t♦♥s✱ ❧❡s ❧❡♣t♦q✉❛r❦s q✉✐
s♦♥t ♣ré❞✐ts ❞❛♥s ❞❡ ♥♦♠❜r❡✉s❡s ❡①t❡♥s✐♦♥s ❞✉ ▼❙✳ ❯♥❡ ❧❛r❣❡ ✈❛r✐été ❞✬❛✉tr❡s ❡①t❡♥s✐♦♥s
♣♦ss✐❜❧❡s ❞✉ ▼❙ ♣❡✉t ❛✉ss✐ êtr❡ t❡sté❡ à ❍❊❘❆✱ ❝♦♠♠❡✱ ❡♥tr❡ ❛✉tr❡✱ ❧✬❡①✐st❡♥❝❡ ❞❡ ❞✐♠❡♥✲
s✐♦♥s s✉♣♣❧é♠❡♥t❛✐r❡s ♦✉ ❞❡ ♣❛rt✐❝✉❧❡s s✉♣❡rs②♠étr✐q✉❡s ❞❛♥s ❧❡ ❝❛s ♦ù ❧❛ ❘✲♣❛r✐té s❡r❛✐t
✈✐♦❧é❡✳ P❛r♠✐ ❝❡s ❞✐✛ér❡♥t❡s r❡❝❤❡r❝❤❡s ♣♦ss✐❜❧❡s✱ ♥♦✉s ❛❧❧♦♥s ♥♦✉s ✐♥tér❡ss❡r ♣❧✉s ♣❛rt✐❝✉✲
❧✐èr❡♠❡♥t à ❧❛ r❡❝❤❡r❝❤❡ ❞❡ ♥♦✉✈❡❧❧❡s s♦✉s✲str✉❝t✉r❡s ❞❡ ❧❛ ♠❛t✐èr❡✳ P♦✉r ❝❡ ❢❛✐r❡✱ ✐❧ ❡st ❛❧♦rs
♣♦ss✐❜❧❡ ❞❡ r❡❝❤❡r❝❤❡r ✉♥❡ ♠❛♥✐❢❡st❛t✐♦♥ ✐♥❞✐r❡❝t❡ ❞✬✉♥❡ t❡❧❧❡ s♦✉s✲str✉❝t✉r❡✱ ❝♦♠♠❡ ✉♥❡
♠♦❞✐✜❝❛t✐♦♥ ❞❡ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞❡ ❞✐✛✉s✐♦♥ eq → eq✱ ♦✉ ❜✐❡♥ ✉♥❡ ♠❛♥✐❢❡st❛t✐♦♥ ❞✐r❡❝t❡
♣❛r ❧✬♦❜s❡r✈❛t✐♦♥ ❞❡ ♥♦✉✈❡❧❧❡s rés♦♥❛♥❝❡s✳
✹✳✶✳✶ ▲❡s q✉❛r❦s s♦♥t✲✐❧s ♣♦♥❝t✉❡❧s ❄
❘❛♣♣❡❧♦♥s q✉❡ ❧❛ ❞✐✛✉s✐♦♥ ❞❡ ♣❛rt✐❝✉❧❡s ❡st ❧❡ ♣r♦❝❡ss✉s ♣❛r ❡①❝❡❧❧❡♥❝❡ ✉t✐❧✐sé ♣♦✉r
s♦♥❞❡r ❧❡s s♦✉s✲str✉❝t✉r❡s ❞❡ ❧❛ ♠❛t✐èr❡✳ ▲❡s ✐♥t❡r❛❝t✐♦♥s ❞❡ ❉■❙ ♣❛r ❝♦✉r❛♥t ♥❡✉tr❡ à
❍❊❘❆ ♣❡r♠❡tt❡♥t ❛✐♥s✐ ❞❡ s♦♥❞❡r ❧❛ s♦✉s✲str✉❝t✉r❡ ❞✉ ♣r♦t♦♥ à ❞❡s ❞✐st❛♥❝❡s ❞❡ ❧✬♦r❞r❡
❞❡ 10−18 ♠✳
▲❡s ♠❡s✉r❡s ❞❡ s❡❝t✐♦♥ ❡✣❝❛❝❡ ◆❈ ♣❡✉✈❡♥t ❛✐♥s✐ êtr❡ ✉t✐❧✐sé❡s ♣♦✉r r❡❝❤❡r❝❤❡r ❛✉① ♣❧✉s
❣r❛♥❞s Q2 ✉♥❡ ❞é✈✐❛t✐♦♥ ♣❛r r❛♣♣♦rt à ❧❛ ♣ré❞✐❝t✐♦♥ ❞✉ ▼❙✱ ❞♦♥♥é❡ ♣❛r ❧❡s ❞❡♥s✐tés ❞❡
q✉❛r❦✱ ❞ét❡r♠✐♥é❡s à ❜❛s Q2✱ ❡t ❧❡s éq✉❛t✐♦♥s ❞✬é✈♦❧✉t✐♦♥ ❉●▲❆P✳ P❛r ❡①❡♠♣❧❡✱ ✉♥ ♠♦❞è❧❡
♥❛ï❢ ❛ss♦❝✐❛♥t ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❞❡ ❝❤❛r❣❡ ❞❡ t❛✐❧❧❡ ✜♥✐❡✱ ❡t ❞♦♥❝ ✉♥ ❢❛❝t❡✉r ❞❡ ❢♦r♠❡✱ ❛✉①
q✉❛r❦s ❡t ❝♦♥s✐❞ér❛♥t ❧✬é❧❡❝tr♦♥ ❝♦♠♠❡ ✉♥❡ ♣❛rt✐❝✉❧❡ ♣♦♥❝t✉❡❧❧❡✱ ré❞✉✐r❛✐t à ❣r❛♥❞ Q2 ❧❛
s❡❝t✐♦♥ ❡✣❝❛❝❡ ◆❈ ♣❛r r❛♣♣♦rt ❛✉① ♣ré❞✐❝t✐♦♥s ❞✉ ▼❙ s❡❧♦♥✿
dσ
dQ2
=
dσSM
dQ2
[
1− R
2
q
6
Q2
]2
, ✭✹✳✶✮
♦ù Rq ❡st ❛❧♦rs ❧❡ r❛②♦♥ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ ❝❤❛r❣❡ ❞❡s q✉❛r❦s✳
▲❛ ♠❡s✉r❡ ❞❡ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ◆❈ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ Q2 s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡s ❞♦♥♥é❡s ❞❡
❍✶ ♣❡r♠❡t ❛✐♥s✐ ❞❡ ♣♦s❡r ✉♥❡ ❧✐♠✐t❡ s✉r ❧❛ t❛✐❧❧❡ ❞❡s q✉❛r❦s ❞❡ Rq < 0.74 · 10−18 ♠ à 95✪
❞❡ ♥✐✈❡❛✉ ❞❡ ❝♦♥✜❛♥❝❡ ✭❈▲✮ ✭✈♦✐r ✜❣✉r❡ ✹✳✶✮✳ ▲❛ ❧✐♠✐t❡ ❞é❞✉✐t❡ ❞❡s ❞♦♥♥é❡s ❞❡ ❩❊❯❙ ❡st
éq✉✐✈❛❧❡♥t❡✱ ❡t é❣❛❧❡ à Rq < 0.63 · 10−18 ♠ à 95✪ ❈▲✳
✹✳✶✳✷ ❊①✐st❡♥❝❡ ❞❡ s♦✉s✲str✉❝t✉r❡s ❞❡s ❢❡r♠✐♦♥s ❄
❆✉✲❞❡❧à ❞❡s r❡❝❤❡r❝❤❡s ✐♥❞✐r❡❝t❡s ♣❛r ✐♥t❡r❛❝t✐♦♥s ❞❡ ❝♦♥t❛❝t✱ ✉♥❡ s✐❣♥❛t✉r❡ ♥♦♥✲❛♠❜✐❣✉ë
❞✬✉♥❡ ♥♦✉✈❡❧❧❡ s♦✉s✲str✉❝t✉r❡ ❞❡ ❧❛ ♠❛t✐èr❡ s❡r❛✐t ❧✬♦❜s❡r✈❛t✐♦♥ ❞✬ét❛ts ❡①❝✐tés ❞❡ ❢❡r♠✐♦♥s
✭f ∗✮✱ ♣❛r ❧❡✉r ❞és✐♥té❣r❛t✐♦♥ ❡♥ ✉♥ ❜♦s♦♥ ❞❡ ❥❛✉❣❡ ❞✉ ▼❙✳ ❯♥❡ str✉❝t✉r❡ ❝♦♠♣♦s✐t❡ ❞❡s
❢❡r♠✐♦♥s ♣❡r♠❡ttr❛✐t ❡♥ ❡✛❡t ❞✬❡①♣❧✐q✉❡r ❧❛ ❤✐ér❛r❝❤✐❡ ❞❡s ♠❛ss❡s ❞❡s ♣❛rt✐❝✉❧❡s ❞✉ ▼❙
❛✐♥s✐ q✉❡ ❧✬❛❣❡♥❝❡♠❡♥t ❞❡s ♣❛rt✐❝✉❧❡s ❡♥ tr♦✐s ❢❛♠✐❧❧❡s✳
▲❡s ✐♥t❡r❛❝t✐♦♥s ❞❡ ❝❡s ❢❡r♠✐♦♥s ❡①❝✐tés ❛✈❡❝ ❧❡s ♣❛rt✐❝✉❧❡s ❞✉ ▼❙ ♣❡✉✈❡♥t êtr❡ ❞é❝r✐t❡s
❞❡ ♠❛♥✐èr❡ très ❣é♥ér❛❧❡ ❞❛♥s ✉♥ ♠♦❞è❧❡ ❡✛❡❝t✐❢ ❬❍❛❣✽✺✱ ❇♦✉✾✸✱ ❇❛✉✾✵❪✳ ▲✬✐♥t❡r❛❝t✐♦♥ ❞✬✉♥
f ∗ ❛✈❡❝ ✉♥ ❜♦s♦♥ ❞❡ ❥❛✉❣❡ ❡st ❛❧♦rs ❞é❝r✐t❡ ♣❛r ✉♥ ❝♦✉♣❧❛❣❡ ♠❛❣♥ét✐q✉❡ ♣r♦♣♦rt✐♦♥♥❡❧ à
✹✳✶ ✲ ❘❡❝❤❡r❝❤❡s s♣é❝✐✜q✉❡s ❞❡ ♥♦✉✈❡❧❧❡ ♣❤②s✐q✉❡ ✹✼
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❋✐❣✉r❡ ✹✳✶ ✿ ▲❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ◆❈ dσ/dQ2✱ ♥♦r♠❛❧✐sé❡ à ❧❛ ♣ré❞✐❝t✐♦♥ ❞✉ ▼❙
❞ét❡r♠✐♥é❡ à ♣❛rt✐r ❞❡s P❉❋s ❈❚❊◗✻❉ ❬P✉♠✵✷❪✱ ♣♦✉r ❞❡s ❝♦❧❧✐s✐♦♥s e+p ❡t
e−p✳ ▲❡s ❝♦✉r❜❡s r❡♣rés❡♥t❡♥t ❧❛ ❝♦rr❡❝t✐♦♥ ❛✉ ▼❙ ❞✉❡ à ✉♥ ❤②♣♦t❤ét✐q✉❡ r❛②♦♥
❞❡ ❝❤❛r❣❡ ✜♥✐ ❞❡s q✉❛r❦s ❞❡ 0.74 · 10−18 ♠✳
1/Λ✱ Λ ❝♦rr❡s♣♦♥❞❛♥t ❛❧♦rs à ✉♥❡ ♥♦✉✈❡❧❧❡ é❝❤❡❧❧❡ ❞❡ s♦✉s✲str✉❝t✉r❡✳ ▲❡ ▲❛❣r❛♥❣✐❡♥ ❡✛❡❝t✐❢
✉t✐❧✐sé s✬é❝r✐t ❬❇♦✉✾✸❪ ✿
Lint. = 1
2Λ
F¯ ∗R σ
µν
[
gf
τa
2
W aµν + g
′f ′
Y
2
Bµν + gsfs
λa
2
Gaµν
]
FL + h.c. , ✭✹✳✷✮
♦ù W aµν ✱ Bµν ❡t G
a
µν s♦♥t ❧❡s t❡♥s❡✉rs ❞❡ ❝❤❛♠♣s r❡s♣❡❝t✐✈❡♠❡♥t ❛ss♦❝✐és ❛✉① ❝❤❛♠♣s ❞❡
❥❛✉❣❡ SU(2)L✱ U(1)Y ❡t SU(3)C ✱ τ
a✱ Y ❡t λa s♦♥t ❧❡s ❣é♥ér❛t❡✉rs ❞❡s ❣r♦✉♣❡s ❞❡ ❥❛✉❣❡ ❝♦r✲
r❡s♣♦♥❞❛♥t✱ s♦✐t✱ r❡s♣❡❝t✐✈❡♠❡♥t✱ ❧❡s ♠❛tr✐❝❡s ❞❡ P❛✉❧✐✱ ❧✬❤②♣❡r❝❤❛r❣❡ ❢❛✐❜❧❡ ❡t ❧❡s ♠❛tr✐❝❡s
❞❡ ●❡❧❧✲▼❛♥♥✳ ▲❡s ❝♦♥st❛♥t❡s ❞❡ ❝♦✉♣❧❛❣❡s é❧❡❝tr♦❢❛✐❜❧❡ ❡t ❢♦rt s♦♥t ♥♦té❡s r❡s♣❡❝t✐✈❡♠❡♥t
g✱ g′ ❡t gs✳
❍❊❘❆ ❡st ❜✐❡♥ ❛❞❛♣té ♣♦✉r ❧❛ r❡❝❤❡r❝❤❡ ❞❡ ❢❡r♠✐♦♥s ❡①❝✐tés✳ ❊♥ ❡✛❡t✱ ❧❡✉rs s✐❣♥❛t✉r❡s
❡♥ ❝♦❧❧✐s✐♦♥s ep s♦♥t ♣❛rt✐❝✉❧✐èr❡♠❡♥t ♣r♦♣r❡s✱ ❞❡ ♥♦♠❜r❡✉① ❝❛♥❛✉① ❞❡ ❞és✐♥té❣r❛t✐♦♥ ♣♦✉✲
✈❛♥t êtr❡ s♦♥❞és✱ ❡t ❧❡s r❡❝❤❡r❝❤❡s ♣❡✉✈❡♥t êtr❡ ♠❡♥é❡s ❥✉sq✉✬à ❧❛ ❧✐♠✐t❡ ❝✐♥é♠❛t✐q✉❡✱ ✈♦✐r
❧é❣èr❡♠❡♥t ❛✉✲❞❡❧à✳
▲✬❡♥s❡♠❜❧❡ ❞❡s ❞♦♥♥é❡s ❞❡ ❍✶ ❛ ❞♦♥❝ été ✉t✐❧✐sé ♣♦✉r ❧❛ r❡❝❤❡r❝❤❡ ❞❡ ♥❡✉tr✐♥♦s ✭ν∗✮✱
é❧❡❝tr♦♥s ✭e∗✮ ♦✉ q✉❛r❦s ✭q∗✮ ❡①❝✐tés ❞❡ ♣r❡♠✐èr❡ ❣é♥ér❛t✐♦♥ ✭✈♦✐r ❛♥♥❡①❡s ❊✱ ❋ ❡t ●✮✳ ▲❡
❧♦t s✉❜st❛♥t✐❡❧ ❞❡ ❞♦♥♥é❡s ❞❡ ❝♦❧❧✐s✐♦♥s e−p ❡♥r❡❣✐stré❡s à ❍❊❘❆ ■■ ❛ ♥♦t❛♠♠❡♥t ♣❡r♠✐s
❞✬❛✉❣♠❡♥t❡r s✐❣♥✐✜❝❛t✐✈❡♠❡♥t ❧❛ s❡♥s✐❜✐❧✐té ❞❡ ❍❊❘❆ ♣♦✉r ❧❛ r❡❝❤❡r❝❤❡ ❞❡ ν∗✱ ❧❛ s❡❝t✐♦♥
❡✣❝❛❝❡ ❞❡ ♣r♦❞✉❝t✐♦♥ ❞❡ ❝❡✉①✲❝✐ ❞❡✈❛♥t êtr❡ ❜✐❡♥ ♣❧✉s ❣r❛♥❞❡ ❡♥ ❝♦❧❧✐s✐♦♥s e−p q✉❡ e+p✳
❆✉❝✉♥ s✐❣♥❛❧ ❞❡ ❧✬❡①✐st❡♥❝❡ ❞❡ ❝❡s ❢❡r♠✐♦♥s ❡①❝✐tés ♥✬❛ ❝❡♣❡♥❞❛♥t été ♦❜s❡r✈é✳ ▲❡s
❧✐♠✐t❡s ❞✬❡①❝❧✉s✐♦♥ ❛❧♦rs ♦❜t❡♥✉❡s s✉r ❧❡✉r ♠❛ss❡ ❡t ❧❡ ❝♦✉♣❧❛❣❡ f/Λ s♦♥t rés✉♠é❡s ❞❛♥s ❧❛
✜❣✉r❡ ✹✳✷✳ ▲❡s ❧✐♠✐t❡s ♦❜t❡♥✉❡s ❛✉ ▲❊P ♦✉ ❛✉ ❚❡✈❛tr♦♥ s♦♥t ❛✉ss✐ r❡♣rés❡♥té❡s✳ ▲❡s ❧✐♠✐t❡s
♦❜t❡♥✉❡s à ❍❊❘❆ ❛♣♣❛r❛✐ss❡♥t ❝♦♠♠❡ ét❛♥t ❝♦♠♣❧é♠❡♥t❛✐r❡s ❞❡s r❡❝❤❡r❝❤❡s ♠❡♥é❡s ❛✉
▲❊P ♦✉ ❛✉ ❚❡✈❛tr♦♥✳
✹✽ ❈❤❛♣✐tr❡ ✹ ✲ ▲❛ ❢r♦♥t✐èr❡ à ❤❛✉t❡ é♥❡r❣✐❡ ❞✉ ♠♦❞è❧❡ st❛♥❞❛r❞
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H1
  = 1 / MΛf / q*
✭❞✮
❋✐❣✉r❡ ✹✳✷ ✿ ▲✐♠✐t❡s ❞✬❡①❝❧✉s✐♦♥ à 95✪ ❈▲ s✉r ❧❡ ❝♦✉♣❧❛❣❡ f/Λ ❡♥ ❢♦♥❝t✐♦♥
❞❡ ❧❛ ♠❛ss❡ ❞❡s ❢❡r♠✐♦♥s ❡①❝✐tés✱ ♣♦✉r ❞❡s ν∗✱ s♦✉s ❧❡s ❤②♣♦t❤ès❡s f = −f ′ ✭❛✮
❡t f = +f ′ ✭❜✮✱ ❞❡s e∗ ✭❝✮ ❡t ❞❡s q∗ ✭❞✮✳ ▲❡s ✈❛❧❡✉rs ❛✉✲❞❡ss✉s ❞❡s ❝♦✉r❜❡s s♦♥t
❡①❝❧✉❡s✳ ▲❡s ❧✐♠✐t❡s ré❝❡♥t❡s ♦❜t❡♥✉❡s ♣❛r ❍✶ ✭③♦♥❡ ❝♦❧♦ré❡✮ s♦♥t ❝♦♠♣❛ré❡s ❛✉①
❧✐♠✐t❡s ♦❜t❡♥✉❡s ❛✉ ▲❊P ✭❝♦✉r❜❡s ♣♦✐♥t✐❧❧és✮ ❡t ❛✉ ❚❡✈❛tr♦♥✱ ❞✬❛♣rès ❬❆❜❛✵✽✱
▼❡②✵✼❪✱ ❡♥ s✉♣♣♦s❛♥t q✉❡ ❧✬❛❝❝❡♣t❛♥❝❡ ♣♦✉r ❞❡s e∗ ❝ré❡s ♣❛r ✐♥t❡r❛❝t✐♦♥s ❞❡
❥❛✉❣❡ ✭●▼✮ ♦✉ ❞❡ ❝♦♥t❛❝t ✭❈■✮ ❡st ❧❛ ♠ê♠❡ ✭❝♦✉r❜❡ ❡♥ tr❛✐ts✲♣♦✐♥ts ✜❣✉r❡ ✭❜✮✮✳
P♦✉r ❧❛ r❡❝❤❡r❝❤❡ ❞❡ ν∗✱ ❍❊❘❆ ♣❡r♠❡t ❞❡ s♦♥❞❡r ✉♥❡ ré❣✐♦♥ ❛✉✲❞❡❧à ❞❡ ❧❛ ❧✐♠✐t❡ ❝✐♥é✲
♠❛t✐q✉❡ ❞✉ ▲❊P✳ ▲❡s ❧✐♠✐t❡s ♦❜t❡♥✉❡s à ❍❊❘❆ s♦♥t ❛❧♦rs ❧❡s ♣❧✉s ❝♦♥tr❛✐❣♥❛♥t❡s à ❧✬❤❡✉r❡
❛❝t✉❡❧❧❡✳ ❊♥ ❡✛❡t✱ ❛✉❝✉♥❡ ❧✐♠✐t❡ s✉r ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ν∗ ♥✬❛ été ♦❜t❡♥✉❡ ❛✉ ❚❡✈❛tr♦♥✳ ❉❡s
ν∗ ♣♦✉rr❛✐❡♥t ❝❡♣❡♥❞❛♥t ② êtr❡ ♣r♦❞✉✐ts ♣❛r é❝❤❛♥❣❡ ❞✬✉♥ γ ♦✉ Z0 ❞❛♥s ❧❛ ✈♦✐❡ s ✭❝♦♠♠❡
♣♦✉r ✉♥ ♣r♦❝❡ss✉s ❞❡ ❉r❡❧❧✲❨❛♥♥✮✱ ❞♦♥♥❛♥t ❧✐❡✉ à ❞❡s t♦♣♦❧♦❣✐❡s ❛✈❡❝ ✉♥ γ ❡t ❞❡ ❧✬é♥❡r❣✐❡
tr❛♥s✈❡rs❡ ♠❛♥q✉❛♥t❡ ♦✉ ❞❡s ❥❡ts ❡t ❞❡ ❧✬é♥❡r❣✐❡ tr❛♥s✈❡rs❡ ♠❛♥q✉❛♥t❡✳ ❈❡s ét❛ts ✜♥❛❧s ♦♥t
❝❡♣❡♥❞❛♥t été ❞é❥à ét✉❞✐és ❛✉ ❚❡✈❛tr♦♥ ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ r❡❝❤❡r❝❤❡s ❞❡ ❞✐♠❡♥s✐♦♥s s✉♣♣❧é✲
♠❡♥t❛✐r❡s ♦✉ ❞❡ ♣❛rt✐❝✉❧❡s s✉♣❡rs②♠étr✐q✉❡s ❡t ❛✉❝✉♥❡ ❞é✈✐❛t✐♦♥ ❛✉① ♣ré❞✐❝t✐♦♥s ❞✉ ▼❙
♥✬② ❛ été ❞ét❡❝té❡✳✳
P♦✉r ❧❛ ♣r♦❞✉❝t✐♦♥ é✈❡♥t✉❡❧❧❡ ❞❡ e∗✱ ❧❡s ❧✐♠✐t❡s ♣♦sé❡s ♣❛r ❧❡ ▲❊P s♦♥t ❞é❥à très ❝♦♥tr❛✐✲
❣♥❛♥t❡s✳ ▲❡s ❞♦♥♥é❡s ❞❡ ❍❊❘❆ ♣❡r♠❡tt❡♥t ❝❡♣❡♥❞❛♥t ❞✬❡①❝❧✉r❡ ✉♥❡ ré❣✐♦♥ s✉♣♣❧é♠❡♥t❛✐r❡
❞❡ ♠❛ss❡s ✐♥t❡r♠é❞✐❛✐r❡s✱ Me∗ ∼ 200 à 280 ●❡❱✳ ▲❡ ❚❡✈❛tr♦♥ r❡st❡ ❝❡♣❡♥❞❛♥t ❛❝t✉❡❧❧❡♠❡♥t
❧❡ s❡✉❧ à ♣♦✉✈♦✐r ❡①❝❧✉r❡ ❧❡s e∗ ❞❡ très ❣r❛♥❞❡ ♠❛ss❡✱ ♣♦✉r ✉♥ ❝♦✉♣❧❛❣❡ f/Λ ❞❡ ❧✬♦r❞r❡ ❞❡
4 · 10−3✳ ❈❡ ❝❛s ❞❡ ❧❛ r❡❝❤❡r❝❤❡ ❞❡ e∗ ❡st ✉♥❡ ❜♦♥♥❡ ✐❧❧✉str❛t✐♦♥ ❞❡ ❧❛ ❝♦♠♣❧é♠❡♥t❛r✐té ❞❡s
tr♦✐s t②♣❡s ♣r✐♥❝✐♣❛✉① ❞❡ ❝♦❧❧✐s✐♦♥♥❡✉rs ✿ e+e−✱ pp¯ ❡t e±p✳ ❉❡s ét✉❞❡s ♣r♦s♣❡❝t✐✈❡s ♠♦♥tr❡♥t
q✉✬✉♥ ❝♦❧❧✐s✐♦♥♥❡✉r ep ❞❛♥s ❧❛ ré❣✐♦♥ ❞✉ ❚❡❱ r❡st❡r❛✐t ❧❛ ♠❛❝❤✐♥❡ ✐❞é❛❧❡ ♣♦✉r ❧❛ r❡❝❤❡r❝❤❡
❞❡ e∗✱ ♣❡r♠❡tt❛♥t ❛❧♦rs ❞✬♦❜t❡♥✐r ✉♥❡ ♠❡✐❧❧❡✉r❡ s❡♥s✐❜✐❧✐té q✉❡ ❧❡ ▲❍❈ ♣♦✉r ❞❡s é❧❡❝tr♦♥
❡①❝✐tés ❞❡ ♠❛ss❡ ✐♥t❡r♠é❞✐❛✐r❡ ❡♥ ❛❝❝é❞❛♥t à ❞❡ ♣❧✉s ❢❛✐❜❧❡s ✈❛❧❡✉rs ❞❡ ❝♦✉♣❧❛❣❡ f/Λ ✭✈♦✐r
✹✳✷ ✲ ❘❡❝❤❡r❝❤❡s ♠♦❞è❧❡ ✐♥❞é♣❡♥❞❛♥t❡s ✹✾
✜❣✉r❡ ✹✳✸✮✳
e* Mass [ GeV ]
200 400 600 800 10001200140016001800
] 
-
1
 
[G
eV
Λf/
-410
-310
-210] 
-
1
 
[G
eV
Λf/
=758 GeV)s (γLHeC: e
=1.4 TeV)s (γLHeC: e
=1.9 TeV)s (γLHeC: e
LEP
HERA: all channels
 γ+eeγνLHC: e
❋✐❣✉r❡ ✹✳✸ ✿ ❙❡♥s✐❜✐❧✐té ♣♦✉r ❧❛
r❡❝❤❡r❝❤❡ ❞✬é❧❡❝tr♦♥s ❡①❝✐tés ❡s✲
t✐♠é❡ ♣♦✉r ❞✐✛ér❡♥ts s❝é♥❛r✐♦s
❞❡ ❝♦❧❧✐s✐♦♥♥❡✉rs é❧❡❝tr♦♥✲♣r♦t♦♥✱
▲❍❡❈ ❬❉❛✐✵✻❪ ❡t ❝♦♠♣❛ré❡ à
❧❛ s❡♥s✐❜✐❧✐té ❛tt❡♥❞✉❡ ❛✉ ▲❍❈
✭❞✬❛♣rès ❬❚r✐✵✽❪✮✳ ▲❡s ❝♦✉r❜❡s ♣ré✲
s❡♥t❡♥t ❧❡s ❧✐♠✐t❡s ❞✬❡①❝❧✉s✐♦♥
♣♦ss✐❜❧❡s à 95✪ ❈▲ ❞❛♥s ❧❡ ♣❧❛♥
✭Me∗✱f/Λ✮✱ ❧❡s ré❣✐♦♥s ❛✉✲❞❡ss✉s
❞❡s ❝♦✉r❜❡s ét❛♥t ❛❧♦rs ❡①❝❧✉❡s✳
P♦✉r ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ q∗✱ ❧❡s r❡❝❤❡r❝❤❡s ♠❡♥é❡s à ❍❊❘❆ s♦♥t s✉rt♦✉t s❡♥s✐❜❧❡s ❛✉①
❤②♣♦t❤ès❡s ♦ù fs✱ ❞é✜♥✐ss❛♥t ❧❡ ❝♦✉♣❧❛❣❡ ❞✉ q
∗ ❛✉① ❣❧✉♦♥s✱ s❡r❛✐t ❢❛✐❜❧❡✳ ▲❛ s❡♥s✐❜✐❧✐té
❞❡ ❍❊❘❆ s♦✉s ❧✬❤②♣♦t❤ès❡ f = f ′ = fs = 1 ❡st ❢❛✐❜❧❡✳ ❊♥ ❡✛❡t✱ ❞❛♥s ❝❡ ❝❛s✱ ❧❡ q
∗ ✈❛
❞é❝r♦îtr❡ ❞❡ ♠❛♥✐èr❡ ♣ré❞♦♠✐♥❛♥t❡ ❡♥ ❞❡✉① ❥❡ts✱ ❝❡ q✉✐ ❝♦♥❞✉✐t à ✉♥ ét❛t ✜♥❛❧ ♦ù ❧❡ ❜r✉✐t
❞❡ ❢♦♥❞ ❞✉ ♠♦❞è❧❡ st❛♥❞❛r❞ ♣r♦✈❡♥❛♥t ❞❡s ♣r♦❝❡ss✉s ❞❡ ♣❤♦t♦✲♣r♦❞✉❝t✐♦♥ ❞❡ ❞❡✉① ❥❡ts
❡st très ❣r❛♥❞✳ ❙✉r ✉♥ ❝♦❧❧✐s✐♦♥♥❡✉r pp¯✱ ❧❡s q∗ s♦♥t ♣r♦❞✉✐ts ♣r✐♥❝✐♣❛❧❡♠❡♥t ♣❛r ❢✉s✐♦♥ ❞❡
q✉❛r❦ ❡t ❞❡ ❣❧✉♦♥✱ s♦✉s ❧❛ ❝♦♥❞✐t✐♦♥ fs 6= 0✳ ▲❡s ❧✐♠✐t❡s ❛❧♦rs ♣♦sé❡s ♣❛r ❧❡ ❚❡✈❛tr♦♥ ❛✈❡❝
❧✬❤②♣♦t❤ès❡ f = f ′ = fs = 1 s♦♥t très ❜♦♥♥❡s✱ ❡①❝❧✉❛♥t ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ q
∗ ❞❡ ♠❛ss❡
Mq∗ < 870 ●❡❱ ❬❆❜❛✵✹✱ ❆❛❧✵✾❪✳ ▲❛ s❡♥s✐❜✐❧✐té ❞✉ ❚❡✈❛tr♦♥ à ❞❡ ❜❛ss❡s ✈❛❧❡✉rs ❞❡ fs r❡st❡
❝❡♣❡♥❞❛♥t ❧✐♠✐té❡ ❡t✱ ❣râ❝❡ à ❍❊❘❆✱ ❧❡s ❧✐♠✐t❡s ❞❛♥s ❝❡ ❝❛s ♦♥t ♣✉ êtr❡ ét❡♥❞✉❡s ✭✈♦✐r
❛♥♥❡①❡ ●✮✳
✹✳✷ ❘❡❝❤❡r❝❤❡s ♠♦❞è❧❡ ✐♥❞é♣❡♥❞❛♥t❡s
✹✳✷✳✶ Pr♦❞✉❝t✐♦♥ ❞✬é✈é♥❡♠❡♥ts ♠✉❧t✐✲❧❡♣t♦♥s ❞❡ ❣r❛♥❞❡ ✐♠♣✉❧s✐♦♥
tr❛♥s✈❡rs❡
❉❛♥s ❧❡ ❝❛❞r❡ ❞✉ ♠♦❞è❧❡ st❛♥❞❛r❞✱ ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ♣❛✐r❡s ❞❡ ❧❡♣t♦♥s ❡♥ ❝♦❧❧✐s✐♦♥s ep s❡
❢❛✐t ♣r✐♥❝✐♣❛❧❡♠❡♥t ♣❛r ✐♥t❡r❛❝t✐♦♥ ♣❤♦t♦♥✲♣❤♦t♦♥✱ γγ → ℓ+ℓ−✱ ❧❡s ♣❤♦t♦♥s ét❛♥t r❛②♦♥♥és
♣❛r ❧✬é❧❡❝tr♦♥ ❡t ❧❡ ♣r♦t♦♥ ✐♥❝✐❞❡♥t ❬❱❡r✽✸❪✳ ❈❡❝✐ ❝♦♥❞✉✐t ❛❧♦rs à ❞❡s é✈é♥❡♠❡♥ts ♣♦ssé❞❛♥t
♣❧✉s✐❡✉rs ❧❡♣t♦♥s ❞❛♥s ❧✬ét❛t ✜♥❛❧✳ ▲❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞❡ ❝❡ ♣r♦❝❡ss✉s ❡st ❝❛❧❝✉❧❛❜❧❡ ♣ré✲
❝✐sé♠❡♥t ❡t ❡st ❢❛✐❜❧❡ ♣♦✉r ❞❡s ❧❡♣t♦♥s ❞❡ ❣r❛♥❞❡ ✐♠♣✉❧s✐♦♥ tr❛♥s✈❡rs❡ ✭∼ 1 ♣❜ ♣♦✉r ❞❡s
❧❡♣t♦♥s ❞❡ PT ❡♥tr❡ 5 ❡t 10 ●❡❱✮✳ ❊♥ ♦✉tr❡✱ ❧❡s ét❛ts ✜♥❛❧s rés✉❧t❛♥ts ♣rés❡♥t❡♥t très ♣❡✉
❞❡ ❜r✉✐t ❞❡ ❢♦♥❞ ❞✬❛✉tr❡s ♣r♦❝❡ss✉s ❞✉ ▼❙✳ ▲✬ét✉❞❡ ❞❡ ❝❡s é✈é♥❡♠❡♥ts ❡st ❞♦♥❝ ✉♥ ♠♦②❡♥
❞❡ t❡st❡r ❛✈❡❝ ♣ré❝✐s✐♦♥ ❧❡s ♣ré❞✐❝t✐♦♥s ❞✉ ♠♦❞è❧❡ st❛♥❞❛r❞ à ❣r❛♥❞ ♠♦♠❡♥t tr❛♥s✈❡rs❡
❡t ❝❡s t♦♣♦❧♦❣✐❡s ♦✛r❡♥t ✉♥❡ ❣r❛♥❞❡ s❡♥s✐❜✐❧✐té ♣♦✉r ❧❛ r❡❝❤❡r❝❤❡ ❞❡ ♣r♦❝❡ss✉s ♥♦✉✈❡❛✉①
s✉s❝❡♣t✐❜❧❡s ❞❡ ♣r♦❞✉✐r❡ ❞❡s ét❛ts ✜♥❛❧s à ♣❧✉s✐❡✉rs ❧❡♣t♦♥s✳
▲✬ét✉❞❡ ❞❡ ❝❡s é✈é♥❡♠❡♥ts ❛ été ✐♥✐t✐é❡ ♣❛r ❧❛ ❝♦❧❧❛❜♦r❛t✐♦♥ ❍✶✱ ❧♦rs ❞✬✉♥❡ ♣r❡♠✐èr❡ ét✉❞❡
❞❡ ❧❛ ♣r♦❞✉❝t✐♦♥ ❞✬é✈é♥❡♠❡♥ts ♠✉❧t✐✲é❧❡❝tr♦♥s ❞❡ ❣r❛♥❞ PT à ♣❛rt✐r ❞❡ ❞♦♥♥é❡s ❍❊❘❆ ■
✭✈♦✐r ❛♥♥❡①❡ ❍✮✳ P❧✉s✐❡✉rs é✈é♥❡♠❡♥ts très é♥❡r❣ét✐q✉❡s ❡t ♣♦ssé❞❛♥t ✉♥❡ ❣r❛♥❞❡ ♠❛ss❡
✐♥✈❛r✐❛♥t❡✱ M12✱ ❞❡s ❞❡✉① ❧❡♣t♦♥s ❞❡ ♣❧✉s ❣r❛♥❞ PT ♦♥t ❛❧♦rs été ♠✐s ❡♥ é✈✐❞❡♥❝❡✳ ❚r♦✐s
✺✵ ❈❤❛♣✐tr❡ ✹ ✲ ▲❛ ❢r♦♥t✐èr❡ à ❤❛✉t❡ é♥❡r❣✐❡ ❞✉ ♠♦❞è❧❡ st❛♥❞❛r❞
é✈é♥❡♠❡♥ts ❛✈❡❝ ❞❡✉① é❧❡❝tr♦♥s ❡t tr♦✐s é✈é♥❡♠❡♥ts ❛✈❡❝ tr♦✐s é❧❡❝tr♦♥s ♦♥t été ♦❜s❡r✈és
❞❛♥s ❧❛ ré❣✐♦♥ M12 > 100 ●❡❱✱ ♣♦✉r ❞❡s ♣ré❞✐❝t✐♦♥s r❡s♣❡❝t✐✈❡s ❞✉ ▼❙ ❞❡ 0.3 ± 0.04 ❡t
0.23± 0.04 é✈é♥❡♠❡♥ts✳
▲❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ♣❛✐r❡s ❞❡ ♠✉♦♥s ❞❡ ❣r❛♥❞❡ ✐♠♣✉❧s✐♦♥ tr❛♥s✈❡rs❡ ❛ ❛✉ss✐ été ét✉❞✐é❡
♣❛r ❍✶ à ♣❛rt✐r ❞❡s ❞♦♥♥é❡s ❞❡ ❍❊❘❆ ■✱ ♠❛✐s ❛✉❝✉♥ ❡①❝ès ❞✬é✈é♥❡♠❡♥ts ❞❡ ❣r❛♥❞❡ ♠❛ss❡
✐♥✈❛r✐❛♥t❡ ♥✬❛ été ♦❜s❡r✈é ❬❆❦t✵✹❪✳
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Multi-Leptons at HERA
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❋✐❣✉r❡ ✹✳✹ ✿ ❉✐str✐❜✉t✐♦♥s ❞❡
∑
PT ♣♦✉r ❧✬❡♥s❡♠❜❧❡ ❞❡s ét❛ts ✜♥❛❧s ♠✉❧t✐✲
❧❡♣t♦♥s ét✉❞✐és✱ ♣♦✉r ❞❡s é✈é♥❡♠❡♥ts ❞❡ ❝♦❧❧✐s✐♦♥s e+p ✭❛✮ ❡t e−p ✭❜✮ ❡t e±p ✭❝✮
❡♥r❡❣✐strés ♣❛r ❧❡s ❡①♣ér✐❡♥❝❡s ❍✶ ❡t ❩❊❯❙✳
❍♦rs ❞✉ ▼❙✱ ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ❜♦s♦♥s ❞❡ ❍✐❣❣s ❞♦✉❜❧❡♠❡♥t ❝❤❛r❣és✱ H±±✱ ♣♦✉rr❛✐t êtr❡
à ❧✬♦r✐❣✐♥❡ ❞❡ t❡❧s é✈é♥❡♠❡♥ts ♠✉❧t✐✲❧❡♣t♦♥s ❞❡ ❣r❛♥❞ PT ✳ ❈❡s ❜♦s♦♥s ❞❡ ❍✐❣❣s ❞♦✉❜❧❡♠❡♥t
❝❤❛r❣és ❛♣♣❛r❛✐ss❡♥t q✉❛♥❞ ❧❡ s❡❝t❡✉r ❞❡ ❍✐❣❣s ❞✉ ▼❙ ❡st ét❡♥❞✉ ♣❛r ✉♥ tr✐♣❧❡t ❛❞❞✐t✐♦♥♥❡❧✱
❝♦♠♠❡ ♣❛r ❡①❡♠♣❧❡ ❞❛♥s ❞❡s ❡①t❡♥s✐♦♥s ❞✉ ▼❙ ❛✈❡❝ ✉♥❡ s②♠étr✐❡ ❣❛✉❝❤❡✲❞r♦✐t❡✳ ❈❡s ❜♦s♦♥s
H±± ♣♦✉rr❛✐❡♥t ❛❧♦rs êtr❡ ❛ss❡③ ❧é❣❡rs ♣♦✉r êtr❡ ♣r♦❞✉✐ts ❛✉♣rès ❞❡s ❛❝❝é❧ér❛t❡✉rs ❛❝t✉❡❧s✱
❡t ♥♦t❛♠♠❡♥t ❡♥ ❝♦❧❧✐s✐♦♥s ep à ❍❊❘❆ ❬❆✉❧✾✽✱ ❈❤❛✾✽✱ ❉✉t✾✾❪✳ ◆♦✉s ❛✈♦♥s ❞♦♥❝ t❡sté
♥♦s ❞♦♥♥é❡s ❡t ❧❡s q✉❡❧q✉❡s é✈é♥❡♠❡♥ts ❞❡ ❣r❛♥❞❡ ♠❛ss❡ ♦❜s❡r✈és ❛✈❡❝ ❧❡s ♣ré❞✐❝t✐♦♥s
❞✬✉♥ t❡❧ ♠♦❞è❧❡ ✭✈♦✐r ❛♥♥❡①❡ ❑✮✳ ▼❛✐s ❝❡tt❡ ❤②♣♦t❤ès❡ ❞❡ ♣r♦❞✉❝t✐♦♥ ❞❡ ❜♦s♦♥s H±± ❛
été é❝❛rté❡✱ ♥♦t❛♠♠❡♥t ❡♥ r❡❣❛r❞❛♥t ❧❡s ❝❤❛r❣❡s ❞❡s ❧❡♣t♦♥s ❞ét❡❝tés✳ ◆♦✉s ❛✈♦♥s ❞♦♥❝
❝♦♥❝❧✉ ❡♥ ❧✬❛❜s❡♥❝❡ ❞✬✉♥ t❡❧ s✐❣♥❛❧ ❡t ❛✈♦♥s ♣♦sé ❞❡ ♥♦✉✈❡❧❧❡s ❧✐♠✐t❡s s✉r ❧❛ ♠❛ss❡ ❞✉ H±±
❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ✈❛❧❡✉r ❞❡ ❧❡✉r ❝♦✉♣❧❛❣❡ ❛✉① ❧❡♣t♦♥s✳ ❈❡s ❧✐♠✐t❡s✱ ❞❛♥s ❧❡ ❝❛s ❞❡ H±±
❝♦✉♣❧❛♥t ❛✉① é❧❡❝tr♦♥s ❡t ♠✉♦♥s ♦✉ t❛✉s✱ ét❡♥❞❡♥t ❧❡s ❞♦♠❛✐♥❡s ❞✬❡①❝❧✉s✐♦♥ ♦❜t❡♥✉s ❛✉
▲❊P ❡t ❛✉ ❚❡✈❛tr♦♥✳
❯♥❡ ❛♥❛❧②s❡ ❝♦♠❜✐♥❛♥t ❧❡s ét❛ts ✜♥❛❧s ❛✈❡❝ é❧❡❝tr♦♥s ❡t ♠✉♦♥s ❛ ❡♥s✉✐t❡ été ❞é✈❡❧♦♣♣é❡
♣❛r ❍✶✱ ❞❡ ❢❛ç♦♥ à ✐♥❝❧✉r❡ ❞❛♥s ✉♥❡ ♠ê♠❡ ❛♥❛❧②s❡ t♦✉t❡s ❧❡s t♦♣♦❧♦❣✐❡s ♠✉❧t✐✲❧❡♣t♦♥s
✹✳✷ ✲ ❘❡❝❤❡r❝❤❡s ♠♦❞è❧❡ ✐♥❞é♣❡♥❞❛♥t❡s ✺✶
♣♦ss✐❜❧❡s✱ ♣♦ssé❞❛♥t ❞❡s é❧❡❝tr♦♥s ♦✉ ❞❡s ♠✉♦♥s ❞❡ ❣r❛♥❞ PT ✳ ▲✬❡♥s❡♠❜❧❡ ❞❡s ❞♦♥♥é❡s ❞❡
❍✶✱ ❞❡s ♣❤❛s❡s ❍❊❘❆ ■ ❡t ❍❊❘❆ ■■✱ ❛ ❛❧♦rs été ❛♥❛❧②sé ✭✈♦✐r ❛♥♥❡①❡ ■✮✳
❆✜♥ ❞❡ ❞♦✉❜❧❡r ❧❡ ❧♦t ❞❡ ❞♦♥♥é❡s ❞❡ ❝❡tt❡ ❛♥❛❧②s❡ ❡♥❝♦r❡ ❧✐♠✐té❡ ♣❛r ❧❛ ❢❛✐❜❧❡ st❛t✐st✐q✉❡
❞✐s♣♦♥✐❜❧❡ à ❣r❛♥❞ PT ✱ ✉♥❡ ❛♥❛❧②s❡ s✐♠✐❧❛✐r❡✱ ❞é✈❡❧♦♣♣é❡ ♣❛r ❧❛ ❝♦❧❧❛❜♦r❛t✐♦♥ ❩❊❯❙✱ ❛ été
❝♦♠❜✐♥é❡ à ❝❡❧❧❡ ❞❡ ❍✶✳ ▲❡ rés✉❧t❛t ❡st ♣rés❡♥té ❞❛♥s ❧✬❛♥♥❡①❡ ❏✱ ❝♦rr❡s♣♦♥❞❛♥t ❛❧♦rs à
✉♥❡ ❧✉♠✐♥♦s✐té t♦t❛❧❡ ❛♥❛❧②sé❡ ❞❡ 0.94 ❢❜−1✳ ▲❡s ❞✐str✐❜✉t✐♦♥s ❞❡ ❧❛ s♦♠♠❡ s❝❛❧❛✐r❡ ❞❡s
✐♠♣✉❧s✐♦♥s tr❛♥s✈❡rs❡s ❞❡s ❧❡♣t♦♥s✱
∑
PT ✱ ❝♦♠❜✐♥❛♥t t♦✉s ❧❡s ét❛ts ✜♥❛❧s✱ s♦♥t ♣rés❡♥té❡s
❞❛♥s ❧❛ ✜❣✉r❡ ✹✳✹✱ ♣♦✉r ❞❡s é✈é♥❡♠❡♥ts ❞❡ ❝♦❧❧✐s✐♦♥s e±p ❡t✱ sé♣❛ré♠❡♥t✱ e+p ❡t e−p✳ ◆♦✉s
✈♦②♦♥s q✉❡ s❡♣t é✈é♥❡♠❡♥ts s♦♥t ♦❜s❡r✈és ❞❛♥s ❧❛ ré❣✐♦♥
∑
PT > 100 ●❡❱✱ ❡♥ ❝♦❧❧✐s✐♦♥
e+p ✉♥✐q✉❡♠❡♥t✳ ▲❛ ♣ré❞✐❝t✐♦♥ ❝♦rr❡s♣♦♥❞❛♥t❡ ❞✉ ▼❙ ❡st ❞❡ 1.94 ± 0.17 é✈é♥❡♠❡♥ts✳ ▲❛
♣r♦❜❛❜✐❧✐té ❞✬✉♥❡ ✢✉❝t✉❛t✐♦♥ ♣♦s✐t✐✈❡ ❛✉ ♠♦✐♥s é❣❛❧❡ à ❝❡❧❧❡ ♦❜s❡r✈é❡ ❞❛♥s ❧❡s ❞♦♥♥é❡s✱ ♣❛r
r❛♣♣♦rt à ❝❡tt❡ ♣ré❞✐❝t✐♦♥✱ ❡st ❞❡ 0.4✪ ✭2.6σ✮✳ ❈✐♥q ❞❡ ❝❡s é✈é♥❡♠❡♥ts ❞❡ ❣r❛♥❞ PT s♦♥t
♦❜s❡r✈és ♣❛r ❍✶ ❡t ❞❡✉① ♣❛r ❩❊❯❙✳ P♦✉r ✉♥❡ ♣ré❞✐❝t✐♦♥ s✐♠✐❧❛✐r❡ ❞✉ ▼❙✱ ❛✉❝✉♥ é✈é♥❡♠❡♥t
❛✈❡❝
∑
PT > 100 ●❡❱ ♥✬❡st ♦❜s❡r✈é ❡♥ ❝♦❧❧✐s✐♦♥s e
−p✳ ❉❡s é✈é♥❡♠❡♥ts ❞❡ ❣r❛♥❞❡ ♠❛ss❡
✐♥✈❛r✐❛♥t❡ M12 s♦♥t é❣❛❧❡♠❡♥t ♦❜s❡r✈és ♣❛r ❧❡s ❞❡✉① ❡①♣ér✐❡♥❝❡s✱ t♦✉❥♦✉rs ❡♥ ❝♦❧❧✐s✐♦♥s e
+p
✉♥✐q✉❡♠❡♥t ✭✈♦✐r t❛❜❧❡❛✉ ✷ ❞❡ ❧✬❛♥♥❡①❡ ❏✮✳
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❋✐❣✉r❡ ✹✳✺ ✿ ▼❛ss❡s ✐♥✈❛r✐❛♥t❡s ❞❡s ❞❡✉① ❧❡♣t♦♥s ❞❡ ♣❧✉s ❣r❛♥❞ PT ✱ M12 ✭❛✮
❡t ❞❡s tr♦✐s ❧❡♣t♦♥s✱ Mall ✭❜✮ ❛♣rès ❛❥✉st❡♠❡♥t ❝✐♥é♠❛t✐q✉❡ ♣♦✉r ❧❡s é✈é♥❡♠❡♥ts
♠✉❧t✐✲❧❡♣t♦♥s ❞❡ ❍✶ ❡t ❞❡ ❩❊❯❙ ♠❡s✉rés ❛✈❡❝ ✉♥❡ ♠❛ss❡ ✐♥✈❛r✐❛♥t❡ M12 >
100 ●❡❱ ♦✉
∑
PT > 100 ●❡❱✳
▲❛ ❝✐♥é♠❛t✐q✉❡ ❞❡ ❝❡s é✈é♥❡♠❡♥ts ❛ ❛❧♦rs été ét✉❞✐é❡ ❡♥ ❞ét❛✐❧s✳ ❈♦♠♠❡ ❞❛♥s ❧❛ ♠❛✲
❥♦r✐té ❞❡s é✈é♥❡♠❡♥ts✱ ❧✬❡♥s❡♠❜❧❡ ❞❡s ♣❛rt✐❝✉❧❡s ♣♦✉✈❛♥t êtr❡ ♣rés❡♥t❡s ❞❛♥s ❧✬ét❛t ✜♥❛❧ ❛
été ❞ét❡❝té✱ ❞❡s ❛❥✉st❡♠❡♥ts s♦✉s ❝♦♥tr❛✐♥t❡s ❞❡s ❝❛r❛❝tér✐st✐q✉❡s ❝✐♥é♠❛t✐q✉❡s ❞❡ ❝❡s é✈é✲
♥❡♠❡♥ts ♦♥t été ré❛❧✐sés ❬❘♦t✵✺❪✳ ❈❡s ❛❥✉st❡♠❡♥ts ♣❡r♠❡tt❡♥t✱ ❡♥ ✐♠♣♦s❛♥t ❧❛ ❝♦♥s❡r✈❛t✐♦♥
❞❡ ❧✬✐♠♣✉❧s✐♦♥ tr❛♥s✈❡rs❡ ❡t ❧♦♥❣✐t✉❞✐♥❛❧❡✱ ✉♥❡ ❞ét❡r♠✐♥❛t✐♦♥ ♣❧✉s ♣ré❝✐s❡ ❞❡s ♠❛ss❡s ✐♥✈❛✲
r✐❛♥t❡s ❞❡s ❞✐✛ér❡♥t❡s ♣❛rt✐❝✉❧❡s✱ ♥♦t❛♠♠❡♥t✳ P♦✉r t♦✉s ❧❡s é✈é♥❡♠❡♥ts ❞❡ ❣r❛♥❞❡ ♠❛ss❡
✐♥✈❛r✐❛♥t❡ ❡t ❞❡ ❣r❛♥❞
∑
PT ✱ ❧❡s ♠❛ss❡s ✐♥✈❛r✐❛♥t❡s M12✱ ❞❡s ❞❡✉① ❧❡♣t♦♥s ❞❡ ♣❧✉s ❣r❛♥❞
PT ✱ ❡t Mall✱ ❞❡s tr♦✐s ❧❡♣t♦♥s q✉❛♥❞ ❝❡✉①✲❝✐ s♦♥t ❞ét❡❝tés✱ ❛✐♥s✐ ♦❜t❡♥✉❡s s♦♥t ♣rés❡♥té❡s
❞❛♥s ❧❛ ✜❣✉r❡ ✹✳✺✳ ◆♦✉s ♦❜s❡r✈♦♥s ❛❧♦rs q✉❡ ❝❡s é✈é♥❡♠❡♥ts ♥❡ s❡♠❜❧❡♥t ♣❛s s✬❛❝❝✉♠✉❧❡r
❛✉t♦✉r ❞✬✉♥❡ ♠ê♠❡ ✈❛❧❡✉r ❞❡ M12 ♦✉ Mall✳
▲❡s ❝❤❛r❣❡s ❞❡s ❧❡♣t♦♥s ❞❡ ❝❡s é✈é♥❡♠❡♥ts ♦♥t é❣❛❧❡♠❡♥t été r❡❣❛r❞é❡s✳ ❈❡♣❡♥❞❛♥t✱ ❧❛
❣r❛♥❞❡ ✐♠♣✉❧s✐♦♥ ❞❡ ❝❡s ❧❡♣t♦♥s✱ ❡t ❞♦♥❝ ❧❛ ❢❛✐❜❧❡ ❝♦✉r❜✉r❡ ❞❡ ❧❡✉r tr❛❝❡✱ r❡♥❞ ❧❛ ♠❡s✉r❡
✺✷ ❈❤❛♣✐tr❡ ✹ ✲ ▲❛ ❢r♦♥t✐èr❡ à ❤❛✉t❡ é♥❡r❣✐❡ ❞✉ ♠♦❞è❧❡ st❛♥❞❛r❞
❞❡ ❧❡✉r ❝❤❛r❣❡ ❞✐✣❝✐❧❡✱ ✈♦✐r ✐♠♣♦ss✐❜❧❡✳ ■❧ ♥✬❛ ❞♦♥❝ ♣❛s été ♣♦ss✐❜❧❡ ❞✬ét❛❜❧✐r q✉✬✉♥ ♦✉
♣❧✉s✐❡✉rs ❞❡ ❝❡s é✈é♥❡♠❡♥ts ♣rés❡♥t❡r❛✐t ✉♥❡ ❝♦♠❜✐♥❛✐s♦♥ ❞❡ ❝❤❛r❣❡s ✐♥❝♦♠♣❛t✐❜❧❡ ❛✈❡❝ ❧❡s
♣ré❞✐❝t✐♦♥s ❞❡ ▼❙✱ ❞✬✉♥❡ ♣r♦❞✉❝t✐♦♥ ❞❡ ♣❛✐r❡s ❞❡ ❧❡♣t♦♥s ❞❡ s✐❣♥❡ ♦♣♣♦sé✳
▲❛ q✉❛♥t✐té ❞❡ ❞♦♥♥é❡s ❞✐s♣♦♥✐❜❧❡ à ❣r❛♥❞ PT r❡st❡ ❝❡♣❡♥❞❛♥t ❧✐♠✐té❡ ❡t✱ ✈✉ ❧❡ ❢❛✐❜❧❡
♥♦♠❜r❡ ❞✬é✈é♥❡♠❡♥ts ♦❜s❡r✈és✱ ❧✬❤②♣♦t❤ès❡ ❞✬✉♥❡ ✢✉❝t✉❛t✐♦♥ st❛t✐st✐q✉❡ ❝♦♠♠❡ ❡①♣❧✐❝❛t✐♦♥
à ❝❡t ❛♣♣❛r❡♥t ❡①❝ès ❞✬é✈é♥❡♠❡♥ts ♣❛r r❛♣♣♦rt ❛✉① ♣ré❞✐❝t✐♦♥s ❞✉ ▼❙ ♥❡ ♣❡✉t êtr❡ ❡①❝❧✉❡✳
▲✬♦❜s❡r✈❛t✐♦♥ ❞❡ ❝❡s q✉❡❧q✉❡s é✈é♥❡♠❡♥ts très é♥❡r❣ét✐q✉❡s✱ ✉♥✐q✉❡♠❡♥t ❡♥ ❝♦❧❧✐s✐♦♥s e+p✱
❡t ♣❛r ❞❡✉① ❡①♣ér✐❡♥❝❡s ✐♥❞é♣❡♥❞❛♥t❡s✱ ♥✬❡♥ r❡st❡ ♣❛s ♠♦✐♥s ❝✉r✐❡✉s❡✳
✹✳✷✳✷ ❯♥❡ r❡❝❤❡r❝❤❡ ❣é♥ér✐q✉❡ ❞❡ ♥♦✉✈❡❧❧❡ ♣❤②s✐q✉❡
▲❡s r❡❝❤❡r❝❤❡s ❞❡ s✐❣♥❛✉① s♣é❝✐✜q✉❡s ♣❡r♠❡tt❡♥t ❞é❥à ❞✬ét✉❞✐❡r ✉♥ ❧❛r❣❡ s♣❡❝tr❡ ❞✬ét❛ts
✜♥❛❧s ❞✐✛ér❡♥ts✱ ♠❛✐s s♦✉✈❡♥t ❞❛♥s ❞❡s ré❣✐♦♥s ❜✐❡♥ s♣é❝✐✜q✉❡s ❞❡ ❧✬❡s♣❛❝❡ ❞❡ ♣❤❛s❡✳ ❆✐♥s✐✱
♠ê♠❡ s✐ ❜❡❛✉❝♦✉♣ ❞✬ét❛ts ✜♥❛❧s ♣❡✉✈❡♥t ❛✈♦✐r été s♦♥❞és ❧♦rs ❞❡ r❡❝❤❡r❝❤❡s ❞é❞✐é❡s✱ ❝❡r✲
t❛✐♥s t②♣❡s ❞❡ s✐❣♥❛✉① ❛✉①q✉❡❧s ♥♦✉s ♥✬❛✉r✐♦♥s ♣❛s ♣❡♥sé ♣❡✉✈❡♥t ❛✈♦✐r été ♦✉❜❧✐és✳ ▲❛
s♦❧✉t✐♦♥ ❝♦♥s✐st❡ ❞♦♥❝ à ét✉❞✐❡r ❞❡ ♠❛♥✐èr❡ ❣é♥ér✐q✉❡ t♦✉s ❧❡s ét❛ts ✜♥❛❧s ❞❡ ❣r❛♥❞ PT
❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ❛❝❝❡ss✐❜❧❡s✳ ▲❛ ♠ét❤♦❞❡ ❞❡ r❡❝❤❡r❝❤❡ ❣é♥ér✐q✉❡ ✈❛ ❛✐♥s✐ ♣❡r♠❡ttr❡ ❞❡
s♦♥❞❡r ✉♥ ❡s♣❛❝❡ ❞❡ ♣❤❛s❡ ♣❧✉s ❣r❛♥❞ ❡t ❣❛❣♥❡r ❡♥ ❣é♥ér❛❧✐té✱ t♦✉t ❡♥ ♣❡r❞❛♥t ❢♦r❝é♠❡♥t
✉♥ ♣❡✉ ❡♥ s❡♥s✐❜✐❧✐té ♣❛r r❛♣♣♦rt ❛✉① r❡❝❤❡r❝❤❡s ❞é❞✐é❡s✳
▲❛ ♠ét❤♦❞❡ r❡♣♦s❡ s✉r ✉♥❡ ✐❞❡♥t✐✜❝❛t✐♦♥ ♣❡✉ ❛♠❜✐❣✉ë ✭❡♥ ♠✐♥✐♠✐s❛♥t ❧❡ t❛✉① ❞❡ ♠❛✉✲
✈❛✐s❡ ✐❞❡♥t✐✜❝❛t✐♦♥✮ ❞❡s ♣❛rt✐❝✉❧❡s ❞❡ ❣r❛♥❞ PT ♣rés❡♥t❡s ❞❛♥s ❝❤❛q✉❡ é✈é♥❡♠❡♥t✳ ▲❡s
é✈é♥❡♠❡♥ts s♦♥t ❛❧♦rs ❝❧❛ss✐✜és ❞❡ ❢❛ç♦♥ ❡①❝❧✉s✐✈❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♥♦♠❜r❡ ❡t ❞✉ t②♣❡ ❞❡
♣❛rt✐❝✉❧❡s ❝♦♥t❡♥✉❡s ❞❛♥s ❧❡✉r ét❛t ✜♥❛❧✳ ❉❡s q✉❛♥t✐tés ❝✐♥é♠❛t✐q✉❡s t❡❧❧❡s q✉❡ ❧❛ ♠❛ss❡
✐♥✈❛r✐❛♥t❡ ❞❡s ♣❛rt✐❝✉❧❡s✱ Mall✱ ♦✉ ❧❛ s♦♠♠❡ s❝❛❧❛✐r❡ ❞❡ ❧❡✉r ✐♠♣✉❧s✐♦♥ tr❛♥s✈❡rs❡✱
∑
PT ✱
s♦♥t ❛❧♦rs ❞é✜♥✐❡s✳ ▲❛ ♠❛ss❡ ✐♥✈❛r✐❛♥t❡ ❡st ✐♥tér❡ss❛♥t❡ ♣♦✉r r❡❝❤❡r❝❤❡r ✉♥❡ é✈❡♥t✉❡❧❧❡ ré✲
s♦♥❛♥❝❡ ❡t
∑
PT ❡st ❧✐é❡ à ❧❛ ❞✉r❡té ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❡t ✐♥❞✐q✉❡ ❧❡s é✈é♥❡♠❡♥ts ❧❡s ♣❧✉s
é♥❡r❣ét✐q✉❡s✳ ❯♥ ❛❧❣♦r✐t❤♠❡ st❛t✐st✐q✉❡ ❡st ❛❧♦rs ❡♠♣❧♦②é ♣♦✉r r❡❝❤❡r❝❤❡r ❧❡s ré❣✐♦♥s ❞❡
❞é✈✐❛t✐♦♥s é✈❡♥t✉❡❧❧❡s ❞❡s ❞♦♥♥é❡s ♣❛r r❛♣♣♦rt ❛✉① ♣ré❞✐❝t✐♦♥s ❞✉ ▼❙✱ ❡t✱ s✉rt♦✉t✱ ♣♦✉r
❡♥ q✉❛♥t✐✜❡r ❧✬✐♠♣♦rt❛♥❝❡✳
▲✬✐❞é❡ ❞✬✉♥❡ t❡❧❧❡ ♠ét❤♦❞❡ ❞❡ r❡❝❤❡r❝❤❡ ❣é♥ér✐q✉❡ ❛ t♦✉t ❞✬❛❜♦r❞ été é♠✐s❡ ♣❛r ❧❛
❝♦❧❧❛❜♦r❛t✐♦♥ ❍✶ ❬❑r❛✾✾✱ ❩✐♥✾✽❪✳ ❯♥❡ ❛♣♣r♦❝❤❡ ✉♥ ♣❡✉ s✐♠✐❧❛✐r❡ ❛ ❡♥s✉✐t❡ été t❡♥té❡ ♣❛r
❧✬❡①♣ér✐❡♥❝❡ ❉✵ ❬❆❜❜✵✵✱ ❆❜❜✵✶❪ ❡♥ ❡✛❡❝t✉❛♥t ✉♥❡ ré✐♥t❡r♣rét❛t✐♦♥ st❛t✐st✐q✉❡ ❞❡ ♣❧✉s✐❡✉rs
❛♥❛❧②s❡s ✐♥❞é♣❡♥❞❛♥t❡s ♣♦rt❛♥t s✉r ❞✐✛ér❡♥ts ét❛ts ✜♥❛❧s✳ ▲✬❡♥s❡♠❜❧❡ ❞❡s ét❛ts ✜♥❛❧s ♥✬②
ét❛✐t ❝❡♣❡♥❞❛♥t ♣❛s ❛♥❛❧②sé ❞❡ ♠❛♥✐èr❡ ❝♦❤ér❡♥t❡ ❡t ❧✬❡s♣❛❝❡ ❞❡ ♣❤❛s❡ ❞é✜♥✐ ♣♦✉r ❝❤❛q✉❡
t②♣❡ ❞❡ ♣❛rt✐❝✉❧❡ ét❛✐t ❞✐✛ér❡♥t✳ ▲❛ ❝♦❧❧❛❜♦r❛t✐♦♥ ❍✶ ❛ ❛❧♦rs ❡✛❡❝t✉é ✉♥❡ ✈ér✐t❛❜❧❡ r❡❝❤❡r❝❤❡
❣é♥ér✐q✉❡✱ ✉t✐❧✐s❛♥t ✉♥❡ s❡✉❧❡ ❛♥❛❧②s❡✱ ❞❡ ❢❛ç♦♥ à ✐♥✈❡st✐❣✉❡r ❞❡ ❢❛ç♦♥ ❝♦❤ér❡♥t❡ t♦✉s ❧❡s
ét❛ts ✜♥❛❧s ♣♦ss✐❜❧❡s ✭✈♦✐r ❛♥♥❡①❡ ▲✮✳ ❉❛♥s ❧❡s ❝♦❧❧✐s✐♦♥s ep✱ ❧❡ ♥♦♠❜r❡ ❞✬ét❛ts ✜♥❛❧s ♣❡✉♣❧és
à ❣r❛♥❞ PT r❡st❡ ♣❧✉s ❧✐♠✐té q✉❡ ❞❛♥s ❧❡s ❝♦❧❧✐s✐♦♥s pp¯✳ ❚♦✉s ❧❡s ét❛ts ✜♥❛❧s ♣♦ss✐❜❧❡s ♣❡✉✈❡♥t
❞♦♥❝ ② êtr❡ ❛♥❛❧②sés✳
▲✬❛♥❛❧②s❡ ❞❡ ❍✶ r❡♣♦s❡ s✉r ❧❛ ❞é✜♥✐t✐♦♥ ❞✬✉♥ ❡s♣❛❝❡ ❞❡ ♣❤❛s❡ ❝♦♠♠✉♥ ♣♦✉r t♦✉t❡s ❧❡s
♣❛rt✐❝✉❧❡s ✐❞❡♥t✐✜é❡s✳ ▲❡s ♣❛rt✐❝✉❧❡s ❝♦♥s✐❞éré❡s s♦♥t ❧❡s é❧❡❝tr♦♥s ✭e✮✱ ♣❤♦t♦♥s ✭γ✮✱ ♠✉♦♥s
✭µ✮✱ ❥❡ts ✭j✮ ❡t ♥❡✉tr✐♥♦s ✭ν✮ ✭♦✉ ❜✐❡♥ t♦✉t❡ ♣❛rt✐❝✉❧❡ ♥✬✐♥t❡r❛❣✐ss❛♥t ♣❛s ❞❛♥s ❧❡ ❞ét❡❝t❡✉r✮✳
❚♦✉s ❧❡s ét❛ts ✜♥❛❧s ♣♦ssé❞❛♥t ❛✉ ♠♦✐♥s ❞❡✉① ♣❛rt✐❝✉❧❡s ✐❞❡♥t✐✜é❡s ❞❡ PT > 20 ●❡❱ ❡t ❞❛♥s
❧❛ ré❣✐♦♥ ❛♥❣✉❧❛✐r❡ 10◦ < θ < 140◦ s♦♥t ét✉❞✐és✳ ▲❡s é✈é♥❡♠❡♥ts sé❧❡❝t✐♦♥♥és s♦♥t ❝❧❛ss✐✜és
❞❡ ♠❛♥✐èr❡ ❡①❝❧✉s✐✈❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♥♦♠❜r❡ ❡t ❞✉ t②♣❡ ❞❡ ♣❛rt✐❝✉❧❡s ❞ét❡❝té❡s ❞❛♥s ❧✬ét❛t
✜♥❛❧✳
✹✳✷ ✲ ❘❡❝❤❡r❝❤❡s ♠♦❞è❧❡ ✐♥❞é♣❡♥❞❛♥t❡s ✺✸
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❋✐❣✉r❡ ✹✳✻ ✿ ◆♦♠❜r❡ ❞✬é✈é♥❡♠❡♥ts ❞❡ ❞♦♥♥é❡s ❡t ♣ré❞✐❝t✐♦♥s ❞✉ ▼❙ ♣♦✉r t♦✉t❡s
❧❡s ❝❧❛ss❡s ❞✬é✈é♥❡♠❡♥ts ❞❡ ❧❛ r❡❝❤❡r❝❤❡ ❣é♥ér✐q✉❡✱ ❛②❛♥t ❞❡s é✈é♥❡♠❡♥ts ♦❜✲
s❡r✈és ♦✉ ✉♥❡ ♣ré❞✐❝t✐♦♥ ❞✉ ▼❙ s✉♣ér✐❡✉r❡ à 0.01✱ ♣♦✉r ❞❡s ❝♦❧❧✐s✐♦♥s e+p ✭❛✮
❡t e−p ✭❜✮✳
▲❡ ♥♦♠❜r❡ ❞✬é✈é♥❡♠❡♥ts ❛❧♦rs ♦❜s❡r✈és ❞❛♥s ❝❤❛q✉❡ ❝❧❛ss❡ ❡st ❝♦♠♣❛ré ❛✉① ♣ré❞✐❝t✐♦♥s
❞✉ ▼❙ ❞❛♥s ❧❛ ✜❣✉r❡ ✹✳✻✳ ▲❡s ❞♦♥♥é❡s s♦♥t ♣rés❡♥té❡s sé♣❛ré♠❡♥t ♣♦✉r ❞❡s ❝♦❧❧✐s✐♦♥s e+p ❡t
e−p✳ ❯♥ très ❜♦♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡ ▼❙ ❡st tr♦✉✈é ♣♦✉r ♣r❡sq✉❡ t♦✉t❡s ❧❡s t♦♣♦❧♦❣✐❡s ♦❜s❡r✈é❡s✱
❝❡ q✉✐ ❡st r❡♠❛rq✉❛❜❧❡ ét❛♥t ❞♦♥♥é ❧❛ ❝♦♠♣❧❡①✐té ❞❡ ❜❡❛✉❝♦✉♣ ❞✬ét❛ts ✜♥❛❧s ❛♥❛❧②sés✳ ❈❡tt❡
✜❣✉r❡ ♣❡r♠❡t é❣❛❧❡♠❡♥t ❞✬❛✈♦✐r ✉♥❡ ✈✉❡ ❣❧♦❜❛❧❡ ❞❡s t❛✉① ❞✬é✈é♥❡♠❡♥ts r❡❧❛t✐❢s ❡♥ ❢♦♥❝t✐♦♥
❞❡ ❧✬ét❛t ✜♥❛❧✳
❈❡ très ❜♦♥ ❛❝❝♦r❞✱ ❛❧♦rs ❣❧♦❜❛❧✱ ❡♥tr❡ ❧❡s ❞♦♥♥é❡s ❡t ❧❡ ▼❙ r❡st❡ ❝♦♥✜r♠é ❧♦rsq✉❡ ♥♦✉s
❛♥❛❧②s♦♥s ♣❧✉s ❡♥ ❞ét❛✐❧s ❧❛ t♦♣♦❧♦❣✐❡ ❞❡s ❞✐✛ér❡♥ts ❝❛♥❛✉①✳ ▲❡s ❞✐str✐❜✉t✐♦♥s ❞❡s ✈❛r✐❛❜❧❡s
❣❧♦❜❛❧❡s Mall ❡t
∑
PT s♦♥t ❛❧♦rs ét✉❞✐é❡s✱ ❛✐♥s✐ q✉❡ ❞❡s ✈❛r✐❛❜❧❡s t♦♣♦❧♦❣✐q✉❡s ❧✐é❡s ❛✉①
❞✐str✐❜✉t✐♦♥s ❛♥❣✉❧❛✐r❡s ❞❡s ♣❛rt✐❝✉❧❡s ♦✉ ❛✉ ♣❛rt❛❣❡ ❞❡ ❧✬é♥❡r❣✐❡ ❣❧♦❜❛❧❡ ❞❡ ❧✬é✈é♥❡♠❡♥t
❡♥tr❡ ❡❧❧❡s✳ ❈❡s ✈❛r✐❛❜❧❡s ♣❧✉s t♦♣♦❧♦❣✐q✉❡s ♦♥t ❛✐♥s✐ été ✐♥tr♦❞✉✐t❡s ♣♦✉r ❧❛ ♣r❡♠✐èr❡ ❢♦✐s
❞❛♥s ❝❡ ❣❡♥r❡ ❞✬ét✉❞❡s✳ ❯♥ ❜♦♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s ♣ré❞✐❝t✐♦♥s ❞✉ ▼❙ ❡st ❛❧♦rs ♦❜s❡r✈é ❞❛♥s
❧❡s ❣r❛♥❞❡ ♠❛❥♦r✐té ❞❡s ❝❛s ✭✈♦✐r ❛♥♥❡①❡ ▼✮✳
❯♥ ❛❧❣♦r✐t❤♠❡ st❛t✐st✐q✉❡ ❡st ❡♥s✉✐t❡ ❛♣♣❧✐q✉é✱ ❛✜♥ ❞❡ r❡❝❤❡r❝❤❡r ❞❡ ♠❛♥✐èr❡ ❛✉t♦♠❛✲
t✐q✉❡ ❞❛♥s ❝❡s ❞✐str✐❜✉t✐♦♥s ❧❡s ré❣✐♦♥s ❞❡ ♣❧✉s ❣r❛♥❞❡ ❞é✈✐❛t✐♦♥ ❛✉ ▼❙ ✭❡♥ ❡①❝ès ♦✉ ❡♥
❞é✜❝✐t✮✳ ■❧ ♣❡r♠❡t é❣❛❧❡♠❡♥t ❞❡ q✉❛♥t✐✜❡r ❧✬✐♠♣♦rt❛♥❝❡ ❞❡ ❧❛ ❞é✈✐❛t✐♦♥ ♦❜s❡r✈é❡✱ ❛✐♥s✐ q✉❡
s❛ ♣r♦❜❛❜✐❧✐té st❛t✐st✐q✉❡ ❞✬♦❝❝✉rr❡♥❝❡ ❞✬✉♥❡ ✢✉❝t✉❛t✐♦♥ ❞✬♦r✐❣✐♥❡ st❛t✐st✐q✉❡ ❧♦rsq✉❡ ❧✬♦♥
✺✹ ❈❤❛♣✐tr❡ ✹ ✲ ▲❛ ❢r♦♥t✐èr❡ à ❤❛✉t❡ é♥❡r❣✐❡ ❞✉ ♠♦❞è❧❡ st❛♥❞❛r❞
❛♥❛❧②s❡ ✉♥ ❣r❛♥❞ ♥♦♠❜r❡ ❞❡ ❞✐str✐❜✉t✐♦♥s ❛②❛♥t ✉♥ ♥♦♠❜r❡ ❞✬é✈é♥❡♠❡♥ts ❧✐♠✐té✳ ❉❛♥s
❧✬❛♥❛❧②s❡ ❣❧♦❜❛❧❡ s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡s ❞♦♥♥é❡s ❞❡ ❍✶✱ ❧❛ ♣❧✉s ❣r❛♥❞❡ ❞é✈✐❛t✐♦♥ ❡st ♦❜s❡r✈é❡
❞❛♥s ❧❛ ❝❧❛ss❡ e✲e ✱ à ❣r❛♥❞❡ ♠❛ss❡ ✐♥✈❛r✐❛♥t❡✳ P❛r r❛♣♣♦rt à ❧✬❛♥❛❧②s❡ ♠✉❧t✐✲❧❡♣t♦♥s ✭✈♦✐r
s❡❝t✐♦♥ ✹✳✷✳✶✮✱ ❝❡tt❡ ❝❧❛ss❡ ❞✬é✈é♥❡♠❡♥ts ❞✐✲é❧❡❝tr♦♥s ❝♦✉✈r❡ ✉♥❡ ❡s♣❛❝❡ ❞❡ ♣❤❛s❡ ét❡♥❞✉ à
❧✬❛✈❛♥t ❥✉sq✉✬à 10◦ ♠❛✐s r❡str❡✐♥t ❛✉① é❧❡❝tr♦♥s ❞❡ ♣❧✉s ❣r❛♥❞ PT ✳ ▲❛ ❞é✈✐❛t✐♦♥ ❛❧♦rs ♦❜s❡r✲
✈é❡ ❞❛♥s ❧✬❡s♣❛❝❡ ❞❡ ♣❤❛s❡ ❞❡ ❧❛ r❡❝❤❡r❝❤❡ ❣é♥ér✐q✉❡ ❛ ✉♥❡ ♣r♦❜❛❜✐❧✐té ❞✬❡♥✈✐r♦♥ 2.5σ✳ ▲❛
♣r♦❜❛❜✐❧✐té ❣❧♦❜❛❧❡ ❞✬♦❜s❡r✈❡r ✉♥❡ ✢✉❝t✉❛t✐♦♥ ❞✉ ▼❙ ❛✉ ♠♦✐♥s ❛✉ss✐ ❣r❛♥❞❡ ❞❛♥s ✉♥ ❞❡s ❝❛✲
♥❛✉① ❞❡ ❧✬❛♥❛❧②s❡ ❣é♥ér✐q✉❡ ♣❛r♠✐ ❧✬❡♥s❡♠❜❧❡ ❞❡s ❝❛♥❛✉① ♣♦ss✐❜❧❡s✱ ❡t ♣♦✉r ✉♥❡ ❧✉♠✐♥♦s✐té
é❣❛❧❡ à ❝❡❧❧❡ ❞❡s ❞♦♥♥é❡s✱ ❡st ❞❡ 12✪✳
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✭❜✮
❋✐❣✉r❡ ✹✳✼ ✿ ◆♦♠❜r❡ ❞✬é✈é♥❡♠❡♥ts ❞❡ ❞♦♥♥é❡s ❡t ♣ré❞✐❝t✐♦♥s ❞✉ ▼❙ ♣♦✉r
t♦✉t❡s ❧❡s ❝❧❛ss❡s ❞✬é✈é♥❡♠❡♥ts ❞❡ ❧❛ r❡❝❤❡r❝❤❡ ❣é♥ér✐q✉❡✱ ❛②❛♥t ❞❡s é✈é♥❡♠❡♥ts
♦❜s❡r✈és ♦✉ ✉♥❡ ♣ré❞✐❝t✐♦♥ ❞✉ ▼❙ s✉♣ér✐❡✉r❡ à 0.01✱ ♣♦✉r ❞❡s ♣❛rt✐❝✉❧❡s ❞❡
PT > 15 ●❡❱ ✭❛✮ ❡t ❞❡ PT > 40 ●❡❱ ✭❜✮✳
❯♥❡ t❡❧❧❡ ❛♥❛❧②s❡ ❣é♥ér❛❧❡ ♥é❝❡ss✐t❡ ✉♥❡ ❜♦♥♥❡ ❝♦♠♣ré❤❡♥s✐♦♥ à ❧❛ ❢♦✐s ❞✉ ▼❙✱ ❡t ❞✉
❞ét❡❝t❡✉r ✉t✐❧✐sé✳ ❉❛♥s ❧❡ ❝❛s ❞❡ ❍✶✱ ❡❧❧❡ ❛ été r❡♥❞✉❡ ♣♦ss✐❜❧❡ ♣❛r ❧✬❡✛♦rt ❞❡ st❛♥❞❛r❞✐s❛✲
t✐♦♥ ❞❡s ♠ét❤♦❞❡s ❞❡ r❡❝♦♥str✉❝t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s ❡t ♣❛r ❧❛ r❡❝♦♥str✉❝t✐♦♥ ❝♦❤ér❡♥t❡ ❞✉
✢♦t ❞✬é♥❡r❣✐❡ ❞❛♥s ❧✬ét❛t ✜♥❛❧✳ ❊❧❧❡ r❡♣♦s❡ é❣❛❧❡♠❡♥t s✉r ✉♥❡ st❛♥❞❛r❞✐s❛t✐♦♥ ❞❡s ❣é♥ér❛✲
t❡✉rs ▼♦♥t❡ ❈❛r❧♦ ✉t✐❧✐sés ♣♦✉r ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞❡s ♣r♦❝❡ss✉s ❞❡ ❣r❛♥❞ PT à ❍❊❘❆✳ ❈❡tt❡
st❛♥❞❛r❞✐s❛t✐♦♥ ❛ été ❡✛❡❝t✉é❡ ❛✉ ❝♦✉rs ❞❡ ❝❡s ❞❡r♥✐èr❡s ❛♥♥é❡s ❡t r❡♣♦s❡ s✉r ❞❡ ♥♦♠❜r❡✉①
t❡sts ❡✛❡❝t✉és ❞❛♥s ❞✐✛ér❡♥ts ❡s♣❛❝❡s ❞❡ ♣❤❛s❡ ét❡♥❞✉s ♣❛r r❛♣♣♦rt à ❧✬❛♥❛❧②s❡ ♣r✐♥❝✐♣❛❧❡✱
♥♦t❛♠♠❡♥t à ♣❧✉s ❜❛s PT ✳ ❚♦✉s ❝❡s t❡sts ♦♥t ♣❡r♠✐s ❞❡ q✉❛❧✐✜❡r ❧❡s ❣é♥ér❛t❡✉rs ▼♦♥t❡
❈❛r❧♦ ❛❧♦rs ✉t✐❧✐sés ♣♦✉r ❧✬❛♥❛❧②s❡✳ ❆✐♥s✐✱ ❝❡tt❡ ❛♥❛❧②s❡ ❛ été r❡♣r♦❞✉✐t❡ ❡♥ ❝❤❛♥❣❡❛♥t ❧❡
✹✳✸ ✲ ❈♦♥❝❧✉s✐♦♥s ✺✺
♠♦♠❡♥t tr❛♥s✈❡rs❡ ♠✐♥✐♠✉♠ ❞❡s ♣❛rt✐❝✉❧❡s ✐❞❡♥t✐✜é❡s ❞❡ PT > 20 ●❡❱ à PT > 15 ●❡❱ ♦✉
PT > 40 ●❡❱✳ ▲❡s ♥♦♠❜r❡s t♦t❛✉① ❞✬é✈é♥❡♠❡♥ts ❛❧♦rs ♦❜s❡r✈és ❞❛♥s ❧❡s ❞✐✛ér❡♥ts ❝❛♥❛✉①
❞❛♥s ❝❡s ❞❡✉① ❝❛s s♦♥t ♣rés❡♥tés ❞❛♥s ❧❛ ✜❣✉r❡ ✹✳✼ ❡t ❝♦♠♣❛rés ❛✉① ♣ré❞✐❝t✐♦♥s ❞✉ ▼❙✳
❯♥ ❜♦♥ ❛❝❝♦r❞ ❡♥tr❡ ❞♦♥♥é❡s ❡t ♣ré❞✐❝t✐♦♥s ❞✉ ▼❙ ❡st ❛❧♦rs ♦❜s❡r✈é✳ ▲❡s ❞✐str✐❜✉t✐♦♥s ❞❡
Mall ❡t
∑
PT ✱ ❛✐♥s✐ q✉❡ ❝❡❧❧❡s ❞❡s ✈❛r✐❛❜❧❡s t♦♣♦❧♦❣✐q✉❡s ♦♥t é❣❛❧❡♠❡♥t été ét✉❞✐é❡s ♣♦✉r
❝❡s ❞❡✉① sé❧❡❝t✐♦♥s ❡t ét❛✐❡♥t ❡♥ ❜♦♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s s✐♠✉❧❛t✐♦♥s ❞✉ ▼❙✳ ❆✉❝✉♥❡ ❞é✈✐❛✲
t✐♦♥ s✐❣♥✐✜❝❛t✐✈❡ ❛✉① ♣ré❞✐❝t✐♦♥s ❞✉ ▼❙ ♥✬❛ été ♦❜s❡r✈é❡ ❞❛♥s ❝❡s ❞❡✉① sé❧❡❝t✐♦♥s ✭✈♦✐r
❛♥♥❡①❡ ▼✮✳
❈❡ t②♣❡ ❞❡ r❡❝❤❡r❝❤❡ ❣é♥ér❛❧❡✱ ❜✐❡♥ q✉✬♦❜❧✐❣❛t♦✐r❡♠❡♥t ♠♦✐♥s s❡♥s✐❜❧❡ q✉❡ ❞❡s r❡❝❤❡r❝❤❡s
❞é❞✐é❡s✱ ❡st ♥é❝❡ss❛✐r❡ ❞❛♥s ❧❡s ♣r♦❣r❛♠♠❡s ❞❡ r❡❝❤❡r❝❤❡ ❞❡ ♥♦✉✈❡❧❧❡ ♣❤②s✐q✉❡ ❛✉♣rès ❞❡s
❣r❛♥❞s ❝♦❧❧✐s✐♦♥♥❡✉rs ❛❝t✉❡❧s ❡t ❢✉t✉rs✳ ❋❛❝❡ à ❧❛ ♠✉❧t✐♣❧✐❝✐té ❞❡s ♣♦ss✐❜❧❡s t❤é♦r✐❡s s✉r ❧✬❛✉✲
❞❡❧à ❞✉ ▼❙ ❛✐♥s✐ q✉❡ ❞❡s ét❛ts ✜♥❛❧s ♣♦✉✈❛♥t êtr❡ ♣r♦❞✉✐ts✱ ❞❡ t❡❧❧❡s ❛♥❛❧②s❡s ♣❡✉✈❡♥t
❛♣♣♦rt❡r ❞❡s é❧é♠❡♥ts ❞❡ ré♣♦♥s❡ à ❧❛ q✉❡st✐♦♥ ❆✈♦♥s ♥♦✉s ✈r❛✐♠❡♥t ❝❤❡r❝❤é ♣❛rt♦✉t ❄✳
❊❧❧❡s ♣❡r♠❡tt❡♥t ❛✉ss✐ ❞❡ q✉❛♥t✐✜❡r ❧❛ ♣r♦❜❛❜✐❧✐té ❞✬♦❜s❡r✈❡r ✉♥❡ ✢✉❝t✉❛t✐♦♥ ❞❡s ❞♦♥♥é❡s
❞❛♥s ✉♥ ♦✉ ❞❡✉① ❝❛♥❛✉① ♣❛r♠✐ t♦✉s ❝❡✉① ét✉❞✐és✳
❉❡ ♣❧✉s✱ ♦✉tr❡ ❧❡✉r ✐♥térêt ♣♦✉r ❧❡s r❡❝❤❡r❝❤❡s ❞❡ ♥♦✉✈❡❧❧❡ ♣❤②s✐q✉❡✱ ❝❡ t②♣❡ ❞✬❛♥❛❧②s❡
❣é♥ér✐q✉❡✱ ♣❛r ❧❡ ❣r❛♥❞ ♥♦♠❜r❡ ❞❡ ❞✐str✐❜✉t✐♦♥s ét✉❞✐é❡s ❞❡ ❢❛ç♦♥ ❛✉t♦♠❛t✐q✉❡✱ s✬❛✈èr❡
êtr❡ ✉♥ très ❜♦♥ ♦✉t✐❧ ♣♦✉r ❞ét❡❝t❡r ❞❡s ♣r♦❜❧è♠❡s ❧✐és à ❧❛ ré♣♦♥s❡ ❞✉ ❞ét❡❝t❡✉r ❧♦rs ❞❡ ❧❛
♣r✐s❡ ❞❡ ❞♦♥♥é❡s✱ ♦✉ à ❞❡s ❞é✜❝✐ts ✢❛❣r❛♥ts ❞❡s ❣é♥ér❛t❡✉rs ▼♦♥t❡ ❈❛r❧♦✳ ▲❡s r❡❝❤❡r❝❤❡s
❣é♥ér❛❧❡s ❡✛❡❝t✉é❡s ❛❝t✉❡❧❧❡♠❡♥t ❛✉ ❚❡✈❛tr♦♥ ♣❛r ❧❡s ❝♦❧❧❛❜♦r❛t✐♦♥ ❈❉❋ ❬❆❛❧✵✽❪ ❡t ❉✵ s♦♥t
✉♥ ❜♦♥ ❡①❡♠♣❧❡ ❞❡ ❝❡ ❞❡r♥✐❡r ❝❛s✳
❆✐♥s✐✱ ♣♦✉r ❧❡s ♣r❡♠✐èr❡s ❞♦♥♥é❡s ❞✉ ▲❍❈✱ ❝❡ t②♣❡ ❞✬❛♥❛❧②s❡ ❡st à ❧✬ét✉❞❡✱ ♥♦t❛♠♠❡♥t
❞❛♥s ❧❛ ❝♦❧❧❛❜♦r❛t✐♦♥ ❈▼❙✳ ▼ê♠❡ s✐ ✉♥❡ ❛♥❛❧②s❡ s✐♠✐❧❛✐r❡ à ❝❡❧❧❡ ❞❡ ❍✶ ♥✬❡st ♣❛s ❡♥✈✐✲
s❛❣❡❛❜❧❡ à ❝❛✉s❡ ❞❡ ❧❛ ♠✉❧t✐t✉❞❡ ❞❡s ét❛ts ✜♥❛❧s ♣♦ss✐❜❧❡s✱ ❝❡tt❡ ❛♣♣r♦❝❤❡ ♣❡✉t s✬❛✈ér❡r
✐♥tér❡ss❛♥t❡ ♣♦✉r ❧❡ ❝♦♥trô❧❡ ❞❡s ❞♦♥♥é❡s ❞❡ ❣r❛♥❞ PT ❡t ♣♦✉r ✉♥❡ r❡❝❤❡r❝❤❡ ❛✉t♦♠❛t✐sé❡✱
♥♦t❛♠♠❡♥t ❞❛♥s ❞❡s t♦♣♦❧♦❣✐❡s ♠✉❧t✐✲❧❡♣t♦♥s✳ ❯♥ ❛t♦✉t s✉♣♣❧é♠❡♥t❛✐r❡ s❡r❛✐t ❛❧♦rs ❞❡ ♣♦✉✲
✈♦✐r ❡✛❡❝t✉❡r ❝❡tt❡ ❛♥❛❧②s❡ à ♣❛rt✐r ❞✬✉♥ ✢✉① ❞é❞✐é ❞❡ ❞♦♥♥é❡s ❞❡ ❣r❛♥❞ PT ✱ sé❧❡❝t✐♦♥♥é❡s
❛✉ ❞❡r♥✐❡r ♥✐✈❡❛✉ ❞❡ tr✐❣❣❡r✳
✹✳✸ ❈♦♥❝❧✉s✐♦♥s
❆✉ ❝♦✉rs ❞❡ ❝❡ ❝❤❛♣✐tr❡✱ ♥♦✉s ❛✈♦♥s ✈✉ q✉❡ ❍❊❘❆ ❛ été ✉♥ ❜♦♥ ♦✉t✐❧ ♣♦✉r ❧❛ r❡❝❤❡r❝❤❡
❞❡ ♥♦✉✈❡❧❧❡ ♣❤②s✐q✉❡ à ❧❛ ❢r♦♥t✐èr❡ à ❤❛✉t❡ é♥❡r❣✐❡ ❞✉ ♠♦❞è❧❡ st❛♥❞❛r❞✳ ❊♥ ❡✛❡t✱ ❧❡s ❝♦❧❧✐✲
s✐♦♥♥❡✉rs ep s✬❛✈èr❡♥t êtr❡ ❜✐❡♥ ❛❞❛♣tés ♣♦✉r ❧❛ r❡❝❤❡r❝❤❡ ❞❡ ♥♦✉✈❡❧❧❡s s♦✉s✲str✉❝t✉r❡s ❞❡ ❧❛
♠❛t✐èr❡✱ t❡♥t❛♥t ❛✐♥s✐ ❞❡ ré♣ét❡r ❧❡s ❡①♣ér✐❡♥❝❡s ❤✐st♦r✐q✉❡s ❞❡ ♣❛rt✐❝✉❧❡s ♣♦♥❝t✉❡❧❧❡s ❛②❛♥t
❝♦♥❞✉✐t ❛✉① ❞é❝♦✉✈❡rt❡s s✉❝❝❡ss✐✈❡s ❞❡ ❧✬❛t♦♠❡✱ ❞✉ ♥♦②❛✉✱ ❞❡s ♥✉❝❧é♦♥s ❡t ❞❡s ♣❛rt♦♥s✳ ❯♥❡
❞❡s ❝♦♠♣❧é♠❡♥t❛r✐tés ❞❡s ❝♦❧❧✐s✐♦♥♥❡✉rs ep ♣❛r r❛♣♣♦rt ❛✉① ❝♦❧❧✐s✐♦♥s pp¯ ♦✉ pp s❡r❛✐t✱ ♣❛r
❡①❡♠♣❧❡✱ ❞❡ ♣♦✉✈♦✐r ② ♠❡s✉r❡r ♣❧✉s ❢❛❝✐❧❡♠❡♥t ❧❡s ❝♦✉♣❧❛❣❡s ❛✉ ▼❙ ❞❡ ♥♦✉✈❡❧❧❡s ♣❛rt✐❝✉❧❡s✱
♣❡r♠❡tt❛♥t ❛✐♥s✐ ✉♥❡ ❝❛r❛❝tér✐s❛t✐♦♥ ♣❧✉s ❛♣♣r♦❢♦♥❞✐❡ ❞❡ ❧❛ ♥♦✉✈❡❧❧❡ ♣❤②s✐q✉❡ ❞é❝♦✉✈❡rt❡✳
❉❡✈❛♥t ❧❛ très ❣r❛♥❞❡ ❞✐✈❡rs✐té ❞❡s s❝é♥❛r✐♦s t❤é♦r✐q✉❡s ♣♦ss✐❜❧❡s ♣♦✉r ét❡♥❞r❡ ❡t ❛♠é✲
❧✐♦r❡r ❧❡ ▼❙✱ ❧❛ ♠✐s❡ ❡♥ ♣❧❛❝❡ ❞❡ r❡❝❤❡r❝❤❡s ♣❧✉s ❣é♥ér❛❧❡s ❡t ✐♥❞é♣❡♥❞❛♥t❡s ❞❡ t♦✉t❡ s✉♣✲
♣♦s✐t✐♦♥ ❢❛✐t❡ s✉r ❧❛ ♥❛t✉r❡ ❞❡s ♠❛♥✐❢❡st❛t✐♦♥s ❞❡ ♥♦✉✈❡❧❧❡ ♣❤②s✐q✉❡ r❡❝❤❡r❝❤é❡s ❞❡✈✐❡♥t
❞❡ ♣❧✉s ❡♥ ♣❧✉s ✐♠♣♦rt❛♥t❡✳ ▲❡s ❛♥❛❧②s❡s ❡✛❡❝t✉é❡s à ❍❊❘❆ ♦♥t ❛✐♥s✐ été ♣✐♦♥♥✐èr❡s ❞❛♥s
❧❛ ♠✐s❡ ❡♥ ♣❧❛❝❡ ❞❡ r❡❝❤❡r❝❤❡s ♠♦❞è❧❡ ✐♥❞é♣❡♥❞❛♥t❡s✱ ❜❛sé❡ ✉♥✐q✉❡♠❡♥t s✉r ❧❛ ♠❡s✉r❡ ❞❡
❞✐✛ér❡♥t❡s s✐❣♥❛t✉r❡s t♦♣♦❧♦❣✐q✉❡s✳ ❉❛♥s ❝❡ ❞♦♠❛✐♥❡✱ ❧❛ r❡❧❛t✐✈❡ s✐♠♣❧✐❝✐té ❞❡s ✐♥t❡r❛❝t✐♦♥s
ep ♣❛r r❛♣♣♦rt ❛✉① ❝♦❧❧✐s✐♦♥s pp✱ ❛✐♥s✐ q✉❡ ❧❛ ♣rés❡♥❝❡ ♠♦❞éré❡ ❞✬✐♥t❡r❛❝t✐♦♥s ❞❡ t②♣❡ ◗❈❉✱
❛ ♣❡r♠✐s ❞✬❡✛❡❝t✉❡r à ❍❊❘❆ ✉♥ ❜❛❧❛②❛❣❡ ❝♦♠♣❧❡t ❡t ♣ré❝✐s ❞❡ ❧✬❡♥s❡♠❜❧❡ ❞❡s ét❛ts ✜♥❛❧s
✺✻ ❈❤❛♣✐tr❡ ✹ ✲ ▲❛ ❢r♦♥t✐èr❡ à ❤❛✉t❡ é♥❡r❣✐❡ ❞✉ ♠♦❞è❧❡ st❛♥❞❛r❞
♣♦ss✐❜❧❡ ❞❡ ❣r❛♥❞ PT ✳ ❈✬❡st ❧❛ ♣r❡♠✐èr❡ ❛♥❛❧②s❡ ❝♦♠♣❧èt❡ ❞❡ ❝❡ t②♣❡ ❡✛❡❝t✉é❡ à ♣❛rt✐r ❞❡s
❞♦♥♥é❡s ❞✬✉♥ ❣r❛♥❞ ❝♦❧❧✐s✐♦♥♥❡✉r✳
P❛r♠✐ t♦✉s ❧❡s ❞✐✛ér❡♥ts ét❛ts ✜♥❛❧s ét✉❞✐és à ❍❊❘❆✱ ❧❛ ♣❧✉s ✐♠♣♦rt❛♥t❡ ❞é✈✐❛t✐♦♥ ❛✉①
♣ré❞✐❝t✐♦♥s ❞✉ ▼❙ ❡st ♦❜s❡r✈é❡ ❞❛♥s ❞❡s é✈é♥❡♠❡♥ts ♠✉❧t✐✲❧❡♣t♦♥s✳ ▼ê♠❡ s✐ ❧❡ ♥♦♠❜r❡
❞✬é✈é♥❡♠❡♥ts ♦❜s❡r✈és r❡st❡ ❢❛✐❜❧❡✱ ❝❡ q✉✐ ❡♠♣ê❝❤❡ t♦✉t❡ ❝♦♥❝❧✉s✐♦♥ q✉❛♥t à ❧❡✉r ♦r✐❣✐♥❡✱
❝❡tt❡ ♦❜s❡r✈❛t✐♦♥ ❡✛❡❝t✉é❡ ♣❛r ❧❡s ❞❡✉① ❡①♣ér✐❡♥❝❡s ❍✶ ❡t ❩❊❯❙ ♥✬❡♥ r❡st❡ ♣❛s ♠♦✐♥s
❝✉r✐❡✉s❡✳
❆ ❧✬❤❡✉r❡ ❛❝t✉❡❧❧❡✱ ❧❡ ❚❡✈❛tr♦♥ r❡st❡ ❧❡ s❡✉❧ ❝♦❧❧✐s✐♦♥♥❡✉r ❡♥ ❢♦♥❝t✐♦♥ ♣❡r♠❡tt❛♥t ❞❡
r❡♣♦✉ss❡r ❡♥❝♦r❡ ❧❡s ❧✐♠✐t❡s ❞✉ ❝❤❛♠♣ ❞✬❛♣♣❧✐❝❛t✐♦♥ ❞✉ ▼❙ à ❤❛✉t❡ é♥❡r❣✐❡✳ ▲✬❛✈è♥❡♠❡♥t
❞✉ ▲❍❈ ❞❛♥s ✉♥ ❢✉t✉r ♣r♦❝❤❡ ✈❛ ♦✉✈r✐r ❞❡ ♥♦✉✈❡❛✉① ❤♦r✐③♦♥s ❡♥ ❞♦♥♥❛♥t ❛❝❝ès à ✉♥
✈❛st❡ t❡rr✐t♦✐r❡ ❛✉① é♥❡r❣✐❡s ❞❡ ❧✬♦r❞r❡ ❞✉ ❚❡❱✱ ❞♦♠❛✐♥❡ ♦ù ❧❛ str✉❝t✉r❡ ❞❡ ❧❛ ♠❛t✐èr❡ ♥✬❛
❥❛♠❛✐s été ét✉❞✐é❡ ❡t ♦ù ❝❡rt❛✐♥s ❛r❣✉♠❡♥ts t❤é♦r✐q✉❡s ❧❛✐ss❡♥t ❛❝t✉❡❧❧❡♠❡♥t à ♣❡♥s❡r q✉❡
❞❡ ♥♦✉✈❡❛✉① ♣r♦❝❡ss✉s ♣❤②s✐q✉❡s ❞❡✈r❛✐❡♥t s❡ ♠❛♥✐❢❡st❡r✳
✹✳✹ ❈♦♥tr✐❜✉t✐♦♥s ♣❡rs♦♥♥❡❧❧❡s
❏✬❛✐ ❝♦♠♠❡♥❝é ♣❛r ❝♦♥tr✐❜✉❡r à ❧❛ ♣r❡♠✐èr❡ ♣✉❜❧✐❝❛t✐♦♥ ❞❡ ❍✶ s✉r ❧❛ ♣r♦❞✉❝t✐♦♥ ❞✬é✈é✲
♥❡♠❡♥ts ♠✉❧t✐✲é❧❡❝tr♦♥s ❞❡ ❣r❛♥❞ PT ✳ ❏✬❛✐ ♥♦t❛♠♠❡♥t ré❛❧✐sé ♣♦✉r ❝❡tt❡ ♣✉❜❧✐❝❛t✐♦♥ ❧❡s
❛♥❛❧②s❡s ❞❡ ❝♦♥trô❧❡ ❡t ❞é✈❡❧♦♣♣é ✉♥❡ ♣r♦❝é❞✉r❡ ❞✬❛❥✉st❡♠❡♥t ❝✐♥é♠❛t✐q✉❡✱ ❛✜♥ ❞❡ ♠✐❡✉①
❝♦♥tr❛✐♥❞r❡ ❧❛ ♠❛ss❡ ✐♥✈❛r✐❛♥t❡ ❞❡s q✉❡❧q✉❡s ❝❛♥❞✐❞❛ts ❛t②♣✐q✉❡s ♦❜s❡r✈és à ❣r❛♥❞ PT
✭✈♦✐r ❛♥♥❡①❡ ❍✮✳ ❏✬❛✐ ❡♥s✉✐t❡ ♣r✐s ❧✬❡♥t✐èr❡ r❡s♣♦♥s❛❜✐❧✐té ❞❡ ❝❡tt❡ ❛♥❛❧②s❡ s✉r ❧❡s ❞♦♥♥é❡s
❍❊❘❆ ■■✳ ▲✬❡①t❡♥s✐♦♥ ❞❡ ❝❡tt❡ ❛♥❛❧②s❡ ❛✉① ♠✉♦♥s ❡t ❛✉① t♦♣♦❧♦❣✐❡s ❝♦♠❜✐♥é❡s é❧❡❝tr♦♥s✲
♠✉♦♥s ❛ été ré❛❧✐sé❡ ♣❛r ❋❧♦r✐❛♥ ❘♦t❤♠❛✐❡r✱ ét✉❞✐❛♥t ❞❡ ❉✐♣❧♦♠❛r❜❡✐t à ▼❛rs❡✐❧❧❡✱ s♦✉s
♠❛ ❞✐r❡❝t✐♦♥✳ ❏✬❛✐ ❡♥s✉✐t❡ ✜♥❛❧✐sé ❡t ♣✉❜❧✐é s❡✉❧ ❝❡tt❡ ❛♥❛❧②s❡ s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡s ❞♦♥♥é❡s
❞❡ ❍✶ ✭✈♦✐r ❛♥♥❡①❡ ■✮✳ ❯♥ tr❛✈❛✐❧ ❝♦♠♠✉♥ ❛✈❡❝ ❧❡s ♣❤②s✐❝✐❡♥s ❞❡ ❧❛ ❝♦❧❧❛❜♦r❛t✐♦♥ ❩❊❯❙
tr❛✈❛✐❧❧❛♥t s✉r ❧❡ s✉❥❡t ❛ ré❝❡♠♠❡♥t ♣❡r♠✐s ❞❡ ré❛❧✐s❡r ✉♥❡ ❝♦♠❜✐♥❛✐s♦♥ ❞❡s ❞♦♥♥é❡s ❞❡ ❍✶
❡t ❞❡ ❩❊❯❙ ✭✈♦✐r ❛♥♥❡①❡ ❏✮✳ ❈❡❝✐ ❝♦♥st✐t✉❡ ❧❛ ♣r❡♠✐èr❡ ♣✉❜❧✐❝❛t✐♦♥ ❝♦♠❜✐♥é❡ ❍✶ ❡t ❩❊❯❙✳
❊♥ r❡❧❛t✐♦♥ ❛✈❡❝ ❝❡tt❡ ét✉❞❡✱ ❥✬❛✐ ♣❛rt✐❝✐♣é à ❧❛ ♣✉❜❧✐❝❛t✐♦♥ ❞❡ ❍✶ s✉r ❧❛ r❡❝❤❡r❝❤❡
❞❡ ❜♦s♦♥ ❞❡ ❍✐❣❣s ❞♦✉❜❧❡♠❡♥t ❝❤❛r❣é ✭✈♦✐r ❛♥♥❡①❡ ❑✮✳ P♦✉r ❝❡tt❡ ♣✉❜❧✐❝❛t✐♦♥ ✐♥❝❧✉❛♥t
♣❧✉s✐❡✉rs ❝❛♥❛✉①✱ ❥✬❛✐ ré❛❧✐sé ❧❛ r❡❝❤❡r❝❤❡ ❞❛♥s ❧❡ ❝❛♥❛❧ eµ✳
▲❛ r❡❝❤❡r❝❤❡ ❣é♥ér✐q✉❡ ❞❡ ♥♦✉✈❡❧❧❡ ♣❤②s✐q✉❡ ❛ été ❞é✈❡❧♦♣♣é❡ à ♣❛rt✐r ❞❡s ❞♦♥♥é❡s
❍❊❘❆ ■ ♣❛r ▼❛tt✐ P❡❡③✱ ét✉❞✐❛♥t ❡♥ t❤ès❡ à ▼❛rs❡✐❧❧❡✱ q✉❡ ❥✬❛✐ ❝♦✲❡♥❝❛❞ré s✉r ❝❡ s✉❥❡t✱ ❡t
❡♥ ❝♦♠♣ét✐t✐♦♥✱ ♣✉✐s ❝♦❧❧❛❜♦r❛t✐♦♥✱ ❛✈❡❝ ✉♥ s❡❝♦♥❞ ❣r♦✉♣❡ ❞❡ ♣❤②s✐❝✐❡♥s ❛✉ s❡✐♥ ❞❡ ❧❛ ❝♦❧✲
❧❛❜♦r❛t✐♦♥ ❍✶ ✭✈♦✐r ❛♥♥❡①❡ ▲✮✳ ❏✬❛✐ ❡♥s✉✐t❡ ❛ss✉♠é ❧✬❡♥t✐èr❡ r❡s♣♦♥s❛❜✐❧✐té ❞❡ ❝❡tt❡ ❛♥❛❧②s❡
♣♦✉r ❧❡s ❞♦♥♥é❡s ❍❊❘❆ ■■✱ ❛✈❡❝ ❞❡s ♠✐s❡s à ❥♦✉r s✉❝❝❡ss✐✈❡s ♣rés❡♥té❡s ❡♥ ❝♦♥❢ér❡♥❝❡s✱ à
♠❡s✉r❡ ❞❡ ❧✬❛❝❝✉♠✉❧❛t✐♦♥ ❞❡s ❞♦♥♥é❡s✳ ❏✬❛✐ ✜♥❛❧❡♠❡♥t ré❛❧✐sé s❡✉❧ ❧❛ ♣✉❜❧✐❝❛t✐♦♥ ✜♥❛❧❡ ❞❡
❝❡tt❡ ❛♥❛❧②s❡✱ ♣♦rt❛♥t s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡s ❞♦♥♥é❡s ❞❡ ❍✶✳
▲❡s r❡❝❤❡r❝❤❡s s✉❝❝❡ss✐✈❡s ❞❡ ♥❡✉tr✐♥♦s✱ é❧❡❝tr♦♥s ❡t q✉❛r❦s ❡①❝✐tés ♦♥t été ré❛❧✐sé❡s
s♦✉s ♠❛ ❞✐r❡❝t✐♦♥ ♣❛r ❚❤✐ ◆❣✉②❡t ❚r✐♥❤✱ ét✉❞✐❛♥t❡ ❡♥ t❤ès❡ à ▼❛rs❡✐❧❧❡✱ ✭✈♦✐r ❛♥♥❡①❡s ❊✱ ❋
❡t ●✮✱ ❡♥tr❡ 2005 ❡t 2008✳ ❚❤✐ ◆❣✉②❡t ❚r✐♥❤ ❛ été ré❝♦♠♣❡♥sé❡ ♣❛r ❧❡ ♣r✐① 2008 ❥❡✉♥❡
❝❤❡r❝❤❡✉r ▼✐❝❤❡❧✐♥✱ ❞❡ ❧❛ ❙♦❝✐été ❋r❛♥ç❛✐s❡ ❞❡ P❤②s✐q✉❡✱ ♣♦✉r s❡s tr❛✈❛✉①✳
❉❡♣✉✐s ❥✉✐❧❧❡t 2005✱ ❥❡ s✉✐s é❣❛❧❡♠❡♥t ❝♦✲r❡s♣♦♥s❛❜❧❡ ❞✉ ❣r♦✉♣❡ ❞❡ tr❛✈❛✐❧ ❞❡ ❧❛ ❝♦❧❧❛✲
❜♦r❛t✐♦♥ ❍✶✱ ❝❤❛r❣é ❞❡s ❛♥❛❧②s❡s ❞❡ r❡❝❤❡r❝❤❡s ❞❡ s✐❣♥❛✉① ❞❡ ♣❤②s✐q✉❡ ❛✉✲❞❡❧à ❞✉ ♠♦❞è❧❡
st❛♥❞❛r❞✳ ❆✉ ❝♦✉rs ❞❡ ❝❡s ❞❡r♥✐èr❡s ❛♥♥é❡s✱ ♠♦♥ tr❛✈❛✐❧ ❞❡ ❝♦♦r❞✐♥❛t✐♦♥ ❞❡ ❝❡ ❣r♦✉♣❡ ❞❡
♣❤②s✐q✉❡ ❛ ❝♦♥s✐sté à ❣ér❡r ❧❛ ré❛❧✐s❛t✐♦♥✱ ❛✈❛♥t ❧❡ ❞é♠❛rr❛❣❡ ❞✉ ▲❍❈✱ ❞❡s ♣✉❜❧✐❝❛t✐♦♥s ✜✲
♥❛❧❡s ❞❡ ❍✶ ❞❛♥s ❧❡s ❞♦♠❛✐♥❡s ♦ù ❧❡s ❞♦♥♥é❡s ❞❡ ❍❊❘❆ s♦♥t ❝♦♠♣❧é♠❡♥t❛✐r❡s ❞❡ ❝❡❧❧❡s ❞✉
❚❡✈❛tr♦♥ ❡t ❞✉ ▲❊P✳ ❊❣❛❧❡♠❡♥t✱ ❞❛♥s ❝❡ ❞♦♠❛✐♥❡ ❞❡ r❡❝❤❡r❝❤❡ très ♣r♦s♣❡❝t✐❢✱ ❧❛ ré❛❝t✐✈✐té
❞❛♥s ❧✬❛♥❛❧②s❡ ❞❡s ♥♦✉✈❡❧❧❡s ❞♦♥♥é❡s à ♠❡s✉r❡ q✉✬❡❧❧❡s s♦♥t ❡♥r❡❣✐stré❡s ❡st très ✐♠♣♦rt❛♥t✳
✹✳✹ ✲ ❈♦♥tr✐❜✉t✐♦♥s ♣❡rs♦♥♥❡❧❧❡s ✺✼
❈❡s ❞❡✉① ♦❜❥❡❝t✐❢s ♦♥t ♣✉ êtr❡ ❛tt❡✐♥ts ❣râ❝❡ à ❧❛ ♠✐s❡ ❡♥ ♣❧❛❝❡ ❛✉ s❡✐♥ ❞✉ ❣r♦✉♣❡ ❞✬♦✉t✐❧s
❞✬❛♥❛❧②s❡ ❝♦♠♠✉♥s ❡t ❞✬✉♥❡ st❛♥❞❛r❞✐s❛t✐♦♥ ❡t ❛✉t♦♠❛t✐s❛t✐♦♥ ❞❡s ♣r♦❝é❞✉r❡s ❞✬❛♥❛❧②s❡✱
q✉❡ ❥✬❛✐ ré❛❧✐sé❡s✳

❈♦♥❝❧✉s✐♦♥ ✺✾
❈♦♥❝❧✉s✐♦♥
❉❛♥s ❝❡ ♠❛♥✉s❝r✐t✱ ♥♦✉s ❛✈♦♥s ❞✐s❝✉té ❝❡rt❛✐♥❡s ❞❡s ❧✐♠✐t❛t✐♦♥s ❛❝t✉❡❧❧❡s ❞✉ ♠♦❞è❧❡
st❛♥❞❛r❞✱ q✉✐ ❢♦♥t q✉❡ ❝❡tt❡ ❞❡s❝r✐♣t✐♦♥ ❞❡ ❧❛ str✉❝t✉r❡ ❞❡ ❧❛ ♠❛t✐èr❡ q✉❡ ♥♦✉s ❛✈♦♥s ❛✉✲
❥♦✉r❞✬❤✉✐ r❡st❡ ❛✈❛♥t t♦✉t ✉♥ ♠♦❞è❧❡✳ ▲❛ ♣ré❝✐s✐♦♥ ❞❡ s❡s ♣ré❞✐❝t✐♦♥s ❞❛♥s ❝❡rt❛✐♥s ❞♦♠❛✐♥❡s
♣❡✉t ❡♥❝♦r❡ êtr❡ ❛♠é❧✐♦ré❡✳ ❉❡ ♥♦♠❜r❡✉① ♣❤é♥♦♠è♥❡s✱ ❧✐és ♣r✐♥❝✐♣❛❧❡♠❡♥t à ❧❛ ❝♦♠♣❧❡①✐té
❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s ❢♦rt❡s✱ r❡st❡♥t ❡♥❝♦r❡ ♠❛❧ ❝♦♠♣r✐s✳ ❊♥✜♥✱ ❧❡ ♠♦❞è❧❡ st❛♥✲
❞❛r❞ ♥✬❛♣♣♦rt❡ ❛✉❝✉♥❡ ré♣♦♥s❡ à ❞❡ ♥♦♠❜r❡✉s❡s q✉❡st✐♦♥s q✉❡ ♥♦✉s ♥♦✉s ♣♦s♦♥s s✉r ❧❛
str✉❝t✉r❡ ❞❡ ❧❛ ♠❛t✐èr❡✳ ◆♦✉s s♦♠♠❡s ❞♦♥❝ à ❧❛ r❡❝❤❡r❝❤❡ ❞❡ ♥♦✉✈❡❛✉① ♣❤é♥♦♠è♥❡s ♣❤②✲
s✐q✉❡s✱ q✉❡ ♥♦✉s ❡s♣ér♦♥s tr♦✉✈❡r à ❤❛✉t❡ é♥❡r❣✐❡✱ ♣♦✉r ♥♦✉s ✐♥❞✐q✉❡r ❧❡ ❝❤❡♠✐♥ ✈❡rs ✉♥❡
t❤é♦r✐❡ ♣❧✉s ❢♦♥❞❛♠❡♥t❛❧❡✳
▲❡ ❝♦❧❧✐s✐♦♥♥❡✉r é❧❡❝tr♦♥✲♣r♦t♦♥ ❍❊❘❆ s✬❡st ré✈é❧é êtr❡ ✉♥ ❜♦♥ ♦✉t✐❧ ♣♦✉r ❡①♣❧♦r❡r ❝❡s
❞✐✛ér❡♥ts ♣r♦❜❧è♠❡s✳ ❆✉❝✉♥❡ é✈✐❞❡♥❝❡ ❞❡ ♥♦✉✈❡❧❧❡ ♣❤②s✐q✉❡ ♥✬② ❛ ❝❡♣❡♥❞❛♥t été ♦❜s❡r✈é❡✱
r❡♣♦✉ss❛♥t ❛✐♥s✐ ❧❛ ❢r♦♥t✐èr❡ ❞❡ ❧❛ ✈❛❧✐❞✐té ❞✉ ▼❙ à ❤❛✉t❡ é♥❡r❣✐❡✳ ❆❝t✉❡❧❧❡♠❡♥t✱ ❧❛ ♠❛❥♦r✐té
❞❡s r❡❝❤❡r❝❤❡s ♣♦ss✐❜❧❡s à ❍❊❘❆ ❞❛♥s ❝❡ ❞♦♠❛✐♥❡ ❛ été ✜♥❛❧✐sé❡✳
❍❊❘❆ ❢✉t ❛✉ss✐ ✉♥ ♦✉t✐❧ ❡①tr❛♦r❞✐♥❛✐r❡ ♣♦✉r ♣r♦❣r❡ss❡r ❞❛♥s ♥♦tr❡ ❝♦♥♥❛✐ss❛♥❝❡ ❞❡ ❧❛
❞②♥❛♠✐q✉❡ ✐♥t❡r♥❡ ❞✉ ♣r♦t♦♥✳ ❯♥ ❞❡s rés✉❧t❛ts ♠❛❥❡✉rs ❞❡ ❍❊❘❆ ❡st ❛✐♥s✐ ❧❛ ♠❡s✉r❡ ♣ré❝✐s❡
❞❡s ❞✐str✐❜✉t✐♦♥s ❞❡ ♣❛rt♦♥s ❝♦♥st✐t✉❛♥t ❧❡ ♣r♦t♦♥ s✉r ✉♥ très ❣r❛♥❞ ❞♦♠❛✐♥❡ ❝✐♥é♠❛t✐q✉❡✳
❙✉r ❝❡ s✉❥❡t✱ ❧✬❛♥❛❧②s❡ ❞❡s ❞♦♥♥é❡s ❛❝❝✉♠✉❧é❡s à ❍❊❘❆ ■■ r❡st❡ ❡♥❝♦r❡ à ✜♥❛❧✐s❡r✳ ❉❡s
❛♥❛❧②s❡s ♣ré❧✐♠✐♥❛✐r❡s ♦♥t ♠♦♥tré q✉❡ ❝❡s ❞♦♥♥é❡s ✈♦♥t ♣❡r♠❡ttr❡ ❞❡ ré❞✉✐r❡ ❡♥❝♦r❡ ❧❡s
✐♥❝❡rt✐t✉❞❡s ❛❝t✉❡❧❧❡s s✉r ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡s P❉❋s✳ ▲❛ ❝♦♠❜✐♥❛✐s♦♥ ❞❡s ♠❡s✉r❡s ✜♥❛❧❡s
❞❡ ❍✶ ❡t ❞❡ ❩❊❯❙ ♣❡r♠❡ttr❛ ❛❧♦rs ❞✬♦❜t❡♥✐r ❧❛ ♠❡✐❧❧❡✉r❡ ♣ré❝✐s✐♦♥ ♣♦ss✐❜❧❡ à ❍❊❘❆✳
❆✉✲❞❡❧à ❞❡ ❧❛ str✉❝t✉r❡ ❡♥ ✐♠♣✉❧s✐♦♥ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❞✉ ♣r♦t♦♥✱ ❍❊❘❆ ♣❡r♠❡t ❞✬❛♣♣♦rt❡r
❞❡ ♥♦✉✈❡❧❧❡s ✐♥❢♦r♠❛t✐♦♥s s✉r ❧❡s ❛✉tr❡s ❞❡❣rés ❞❡ ❧✐❜❡rté ❞❛♥s ❧❡ ♣r♦t♦♥✳ ❆✐♥s✐✱ ❧❡s ✐♥t❡r❛❝✲
t✐♦♥s ❞❡ ♥❛t✉r❡ ❞✐✛r❛❝t✐✈❡ ❛♣♣♦rt❡♥t ❞❡s ✐♥❢♦r♠❛t✐♦♥s ❝♦♠♣❧é♠❡♥t❛✐r❡s s✉r ❧❛ ❞✐str✐❜✉t✐♦♥
s♣❛t✐❛❧❡ ❞❡s ♣❛rt♦♥s ❞❛♥s ❧❡ ♣❧❛♥ tr❛♥s✈❡rs❡ ❡t s✉r ❧❡✉rs ❝♦rré❧❛t✐♦♥s✳ ❉❛♥s ❝❡ ❞♦♠❛✐♥❡✱
❧❡s ♥♦✉✈❡❧❧❡s ❞♦♥♥é❡s ❞❡ ❍❊❘❆ ■■ ♦♥t ♣❡r♠✐s ❞✬❡♥tr❡r ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡ ❧❛ ♣ré❝✐s✐♦♥✳
▲❡s rés✉❧t❛ts ❡①♣ér✐♠❡♥t❛✉①✱ ❛✉♣❛r❛✈❛♥t ❡♥❝♦r❡ ❧✐♠✐tés ❡♥ ♣ré❝✐s✐♦♥ st❛t✐st✐q✉❡✱ ❛♣♣♦rt❡♥t
♠❛✐♥t❡♥❛♥t ❞❡s ❝♦♥tr❛✐♥t❡s ♣❧✉s ✐♠♣♦rt❛♥t❡s s✉r ❧❡s ❞✐✛ér❡♥ts ♠♦❞è❧❡s t❤é♦r✐q✉❡s✳
❏✬❛✐ ❛✐♥s✐ ❡✉ ❧❛ ❝❤❛♥❝❡ ❞❡ ♣♦✉✈♦✐r ♣❛rt✐❝✐♣❡r ❡t ❞✬❛♣♣♦rt❡r ♠❡s ❝♦♥tr✐❜✉t✐♦♥s ♣❡rs♦♥♥❡❧❧❡s
à ♣❧✉s✐❡✉rs ❞❡ ❝❡s rés✉❧t❛ts q✉✐ r❡st❡r♦♥t ❝♦♠♠❡ ♣❛rt✐❡ ❞✉ ❧❡❣s ❞❡ ❍❊❘❆ à ❧❛ ♣❤②s✐q✉❡ ❞❡s
♣❛rt✐❝✉❧❡s✳
▲❡ ❝♦❧❧✐s✐♦♥♥❡✉r ❞❡ ♥♦✉✈❡❧❧❡ ❣é♥ér❛t✐♦♥✱ ❧❡ ▲❍❈✱ ✈❛ ♠❛✐♥t❡♥❛♥t ❡♥tr❡r ♣r♦❣r❡ss✐✈❡♠❡♥t
❡♥ ❢♦♥❝t✐♦♥♥❡♠❡♥t à ❧❛ ✜♥ ❞❡ ❧✬❛♥♥é❡ 2009✳ ■❧ ✈❛ ♦✉✈r✐r ✉♥❡ ♥♦✉✈❡❧❧❡ ❢❡♥êtr❡ s✉r ❞❡s ét❛ts ❞❡
❧❛ ♠❛t✐èr❡ à ♣❧✉s ❤❛✉t❡ é♥❡r❣✐❡✱ ❥❛♠❛✐s ❡♥❝♦r❡ ❡①♣❧♦rés✳ ❋❛❝❡ à ❧❛ ❝♦♠♣❧❡①✐té ❞❡s ✐♥t❡r❛❝t✐♦♥s
❤❛❞r♦♥✐q✉❡s à ❤❛✉t❡ é♥❡r❣✐❡✱ ❝♦♠♣r❡♥❞r❡ ❧❛ ◗❈❉ ❡t ❧❛ str✉❝t✉r❡ ❞✉ ♣r♦t♦♥ s❡r❛ ♥é❝❡ss❛✐r❡
à ❧✬ét✉❞❡ ❞❡s ❝♦❧❧✐s✐♦♥s ❛✉ ▲❍❈ ❡t à t♦✉t❡ ❞é❝♦✉✈❡rt❡ ❞❡ ♥♦✉✈❡❧❧❡ ♣❤②s✐q✉❡✳
▲❡s ♠❡s✉r❡s ❡✛❡❝t✉é❡s à ❍❊❘❆ ❛✉r♦♥t s❛♥s ♥✉❧ ❞♦✉t❡ ✉♥ rô❧❡ ✐♠♣♦rt❛♥t à ❥♦✉❡r ❞❛♥s
❝❡ ❞♦♠❛✐♥❡✳

❇✐❜❧✐♦❣r❛♣❤✐❡ ✻✶
❇✐❜❧✐♦❣r❛♣❤✐❡
❬❆❛❧✵✽❪ ❚✳ ❆❛❧t♦♥❡♥ ❡t ❛❧✳ ❬❈❉❋ ❈♦❧❧❛❜♦r❛t✐♦♥❪
▼♦❞❡❧✲■♥❞❡♣❡♥❞❡♥t ❛♥❞ ◗✉❛s✐✲▼♦❞❡❧✲■♥❞❡♣❡♥❞❡♥t ❙❡❛r❝❤ ❢♦r ◆❡✇ P❤②s✐❝s ❛t
❈❉❋✳
P❤②s✳ ❘❡✈✳ ❉ ✼✽ ✭✷✵✵✽✮ ✵✶✷✵✵✷ ❬❛r❳✐✈✿✵✼✶✷✳✶✸✶✶❪
❬❆❛❧✵✾❪ ❚✳ ❆❛❧t♦♥❡♥ ❡t ❛❧✳ ❬❈❉❋ ❈♦❧❧❛❜♦r❛t✐♦♥❪
❙❡❛r❝❤ ❢♦r ♥❡✇ ♣❛rt✐❝❧❡s ❞❡❝❛②✐♥❣ ✐♥t♦ ❞✐❥❡ts ✐♥ ♣r♦t♦♥✲❛♥t✐♣r♦t♦♥ ❝♦❧❧✐s✐♦♥s ❛t
sqrt✭s✮ ❂ ✶✳✾✻ ❚❡❱✳
P❤②s✳ ❘❡✈✳ ❉ ✼✾ ✭✷✵✵✾✮ ✶✶✷✵✵✷ ❬❛r❳✐✈✿✵✽✶✷✳✹✵✸✻❪
❬❆❛r✵✽❪ ❋✳ ❉✳ ❆❛r♦♥ ❡t ❛❧✳ ❬❍✶ ❈♦❧❧❛❜♦r❛t✐♦♥❪
▼❡❛s✉r❡♠❡♥t ♦❢ t❤❡ Pr♦t♦♥ ❙tr✉❝t✉r❡ ❋✉♥❝t✐♦♥ FL ❛t ▲♦✇ x✳
P❤②s✳ ▲❡tt✳ ❇ ✻✻✺ ✭✷✵✵✽✮ ✶✸✾ ❬❛r❳✐✈✿✵✽✵✺✳✷✽✵✾❪
❬❆❛r✵✾❛❪ ❋✳ ❉✳ ❆❛r♦♥ ❡t ❛❧✳ ❬❍✶ ❈♦❧❧❛❜♦r❛t✐♦♥❪
❏❡t Pr♦❞✉❝t✐♦♥ ✐♥ ep ❈♦❧❧✐s✐♦♥s ❛t ❍✐❣❤ Q2 ❛♥❞ ❉❡t❡r♠✐♥❛t✐♦♥ ♦❢ αs✳
❙✉❜♠✐tt❡❞ t♦ ❊✉r✳ P❤②s✳ ❏ ❈ ✭✷✵✵✾✮ ❬❛r❳✐✈✿✵✾✵✹✳✸✽✼✵❪
❬❆❛r✵✾❜❪ ❋✳❉✳ ❆❛r♦♥ ❡t ❛❧✳ ❬❍✶ ❈♦❧❧❛❜♦r❛t✐♦♥❪
▼❡❛s✉r❡♠❡♥t ♦❢ t❤❡ ❞✐✛r❛❝t✐✈❡ ❧♦♥❣✐t✉❞✐♥❛❧ str✉❝t✉r❡ ❢✉♥❝t✐♦♥ FDL ❛t ❍❊❘❆ ■■✳
Pr❡❧✐♠✐♥❛r② r❡s✉❧t s✉❜♠✐tt❡❞ t♦ ❉■❙ ✷✵✵✾ ✭✷✵✵✾✮
❬❆❜❛✵✹❪ ❱✳ ▼✳ ❆❜❛③♦✈ ❡t ❛❧✳ ❬❉✵ ❈♦❧❧❛❜♦r❛t✐♦♥❪
❙❡❛r❝❤ ❢♦r ♥❡✇ ♣❛rt✐❝❧❡s ✐♥ t❤❡ t✇♦✲❥❡t ❞❡❝❛② ❝❤❛♥♥❡❧ ✇✐t❤ t❤❡ ❉Ø ❞❡t❡❝t♦r✳
P❤②s✳ ❘❡✈✳ ❉ ✻✾ ✭✷✵✵✹✮ ✶✶✶✶✵✶ ❬❤❡♣✲❡①✴✵✸✵✽✵✸✸❪
❬❆❜❛✵✽❪ ❱✳ ▼✳ ❆❜❛③♦✈ ❡t ❛❧✳ ❬❉✵ ❈♦❧❧❛❜♦r❛t✐♦♥❪
❙❡❛r❝❤ ❢♦r ❡①❝✐t❡❞ ❡❧❡❝tr♦♥s ✐♥ ♣♣❜❛r ❝♦❧❧✐s✐♦♥s ❛t sqrt✭s✮ ❂ ✶✳✾✻ ❚❡❱✳
P❤②s✳ ❘❡✈✳ ❉ ✼✼ ✭✷✵✵✽✮ ✵✾✶✶✵✷✭❘✮ ❬❛r❳✐✈✿✵✽✵✶✳✵✽✼✼❪
❬❆❜❜✵✵❪ ❇✳ ❆❜❜♦tt ❡t ❛❧✳ ❬❉✵ ❈♦❧❧❛❜♦r❛t✐♦♥❪
❙❡❛r❝❤ ❢♦r ♥❡✇ ♣❤②s✐❝s ✐♥ eµX ❞❛t❛ ❛t ❉Ø ✉s✐♥❣ ❙❤❡r❧♦❝❦✿ ❆ q✉❛s✐ ♠♦❞❡❧ ✐♥❞❡✲
♣❡♥❞❡♥t s❡❛r❝❤ str❛t❡❣② ❢♦r ♥❡✇ ♣❤②s✐❝s✳
P❤②s✳ ❘❡✈✳ ❉ ✻✷ ✭✷✵✵✵✮ ✵✾✷✵✵✹ ❬❤❡♣✲❡①✴✵✵✵✻✵✶✶❪
❬❆❜❜✵✶❪ ❇✳ ❆❜❜♦tt ❡t ❛❧✳ ❬❉✵ ❈♦❧❧❛❜♦r❛t✐♦♥❪
❆ q✉❛s✐✲♠♦❞❡❧✲✐♥❞❡♣❡♥❞❡♥t s❡❛r❝❤ ❢♦r ♥❡✇ ♣❤②s✐❝s ❛t ❧❛r❣❡ tr❛♥s✈❡rs❡ ♠♦♠❡♥t✉♠✳
P❤②s✳ ❘❡✈✳ ❉ ✻✹ ✭✷✵✵✶✮ ✵✶✷✵✵✹ ❬❤❡♣✲❡①✴✵✵✶✶✵✻✼❪
❬❆❜t✾✼❛❪ ■✳ ❆❜t ❡t ❛❧✳ ❬❍✶ ❈♦❧❧❛❜♦r❛t✐♦♥❪
❚❤❡ ❍✶ ❞❡t❡❝t♦r ❛t ❍❊❘❆✳
◆✉❝❧✳ ■♥str✳ ▼❡t❤✳ ❆ ✸✽✻ ✭✶✾✾✼✮ ✸✶✵
❬❆❜t✾✼❜❪ ■✳ ❆❜t ❡t ❛❧✳ ❬❍✶ ❈♦❧❧❛❜♦r❛t✐♦♥❪
❚❤❡ ❍✶ ❉❡t❡❝t♦r ❆t ❍❊❘❆✿ ❚❤❡ ❚r❛❝❦✐♥❣✱ ❝❛❧♦r✐♠❡t❡r ❛♥❞ ♠✉♦♥ ❞❡t❡❝t♦rs ♦❢
t❤❡ ❍✶ ❡①♣❡r✐♠❡♥t ❛t ❍❊❘❆✳
◆✉❝❧✳ ■♥str✳ ▼❡t❤✳ ❆ ✸✽✻ ✭✶✾✾✼✮ ✸✹✽
✻✷ ❇✐❜❧✐♦❣r❛♣❤✐❡
❬❆❝♦✵✺❪ ❉✳ ❊✳ ❆❝♦st❛ ❡t ❛❧✳ ❬❈❉❋ ❈♦❧❧❛❜♦r❛t✐♦♥❪
▼❡❛s✉r❡♠❡♥t ♦❢ t❤❡ ❢♦r✇❛r❞✲❜❛❝❦✇❛r❞ ❝❤❛r❣❡ ❛s②♠♠❡tr② ♦❢ ❡❧❡❝tr♦♥ ♣♦s✐tr♦♥
♣❛✐rs ✐♥ pp¯ ❝♦❧❧✐s✐♦♥s ❛t
√
s = 1.96 ❚❡❱✳
P❤②s✳ ❘❡✈✳ ❉ ✼✶ ✭✷✵✵✺✮ ✵✺✷✵✵✷ ❬❤❡♣✲❡①✴✵✹✶✶✵✺✾❪
❬❆❤♠✾✹❪ ❚✳ ❆❤♠❡❞ ❡t ❛❧✳ ❬❍✶ ❈♦❧❧❛❜♦r❛t✐♦♥❪
❉❡❡♣ ✐♥❡❧❛st✐❝ s❝❛tt❡r✐♥❣ ❡✈❡♥ts ✇✐t❤ ❛ ❧❛r❣❡ r❛♣✐❞✐t② ❣❛♣ ❛t ❍❊❘❆✳
◆✉❝❧✳ P❤②s✳ ❇ ✹✷✾ ✭✶✾✾✹✮ ✹✼✼
❬❆✐r✵✽❪ ❆✳ ❆✐r❛♣❡t✐❛♥ ❡t ❛❧✳ ❬❍❊❘▼❊❙ ❈♦❧❧❛❜♦r❛t✐♦♥❪
▼❡❛s✉r❡♠❡♥t ♦❢ ❆③✐♠✉t❤❛❧ ❆s②♠♠❡tr✐❡s ❲✐t❤ ❘❡s♣❡❝t ❚♦ ❇♦t❤ ❇❡❛♠ ❈❤❛r❣❡
❛♥❞ ❚r❛♥s✈❡rs❡ ❚❛r❣❡t P♦❧❛r✐③❛t✐♦♥ ✐♥ ❊①❝❧✉s✐✈❡ ❊❧❡❝tr♦♣r♦❞✉❝t✐♦♥ ♦❢ ❘❡❛❧ P❤♦✲
t♦♥s✳
❏❍❊P ✵✽✵✻ ✭✷✵✵✽✮ ✵✻✻ ❬❛r❳✐✈✿✵✽✵✷✳✷✹✾✾❪
❬❆❦t✵✹❪ ❆✳ ❆❦t❛s ❡t ❛❧✳ ❬❍✶ ❈♦❧❧❛❜♦r❛t✐♦♥❪
▼✉♦♥ ♣❛✐r ♣r♦❞✉❝t✐♦♥ ✐♥ ❡ ♣ ❝♦❧❧✐s✐♦♥s ❛t ❍❊❘❆✳
P❤②s✳ ▲❡tt✳ ❇ ✺✽✸ ✭✷✵✵✹✮ ✷✽ ❬❤❡♣✲❡①✴✵✸✶✶✵✶✺❪
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P♦❧❛r✐③❛t✐♦♥ ❖❢ P♦s✐t✐✈❡ ▼✉♦♥s Pr♦❞✉❝❡❞ ■♥ ❍✐❣❤✲❊♥❡r❣② ❆♥t✐✲◆❡✉tr✐♥♦ ■♥t❡r✲
❛❝t✐♦♥s✳
P❤②s✳ ▲❡tt✳ ❇ ✽✻ ✭✶✾✼✾✮ ✷✷✾
❬❑❤❛✵✶❪ ❉✳ ❑❤❛r③❡❡✈ ❡t ❊✳ ▲❡✈✐♥
▼❛♥✐❢❡st❛t✐♦♥s ♦❢ ❤✐❣❤ ❞❡♥s✐t② ◗❈❉ ✐♥ t❤❡ ✜rst ❘❍■❈ ❞❛t❛✳
P❤②s✳ ▲❡tt✳ ❇ ✺✷✸ ✭✷✵✵✶✮ ✼✾ ❬♥✉❝❧✲t❤✴✵✶✵✽✵✵✻❪
❬❑❧❡✽✹❪ ▼✳ ❑❧❡✐♥ ❡t ❚✳ ❘✐❡♠❛♥♥
❊❧❡❝tr♦✇❡❛❦ ■♥t❡r❛❝t✐♦♥s Pr♦❜✐♥❣ ❚❤❡ ◆✉❝❧❡♦♥ ❙tr✉❝t✉r❡✳
❩✳ P❤②s✳ ❈ ✷✹ ✭✶✾✽✹✮ ✶✺✶
✻✻ ❇✐❜❧✐♦❣r❛♣❤✐❡
❬❑r❛✾✾❪ ▼✳❲✳ ❑r❛s♥② ❡t ❍✳ ❙♣✐❡s❜❡r❣❡r
❙t❛♥❞❛r❞ ♠♦❞❡❧ ❧❛r❣❡✲❊✭❚✮ ♣r♦❝❡ss❡s ❛♥❞ s❡❛r❝❤❡s ❢♦r ♥❡✇ ♣❤②s✐❝s ❛t ❍❊❘❆✳
❏✳ P❤②s✳ ● ✷✺ ✭✶✾✾✾✮ ✶✹✷✽ ❬❤❡♣✲♣❤✴✾✾✵✶✸✺✾❪
❬❑r❛✵✸❪ ❆✳ ❑r❛s♥✐t③✱ ❨✳ ◆❛r❛✱ ❡t ❘✳ ❱❡♥✉❣♦♣❛❧❛♥
❈❧❛ss✐❝❛❧ ❣❧✉♦❞②♥❛♠✐❝s ♦❢ ❤✐❣❤ ❡♥❡r❣② ♥✉❝❧❡❛r ❝♦❧❧✐s✐♦♥s✿ ❆♥ ❡rr❛t✉♠ ❛♥❞ ❛♥
✉♣❞❛t❡✳
◆✉❝❧✳ P❤②s✳ ❆ ✼✷✼ ✭✷✵✵✸✮ ✹✷✼ ❬❤❡♣✲♣❤✴✵✸✵✺✶✶✷❪
❬❑✉♠❪ ❑✳ ❑✉♠❡r✐↔❦✐✱ ❉✳ ▼✉❡❧❧❡r✱ ❡t ❑✳ P❛ss❡❦✲❑✉♠❡r✐↔❦✐
❋✐tt✐♥❣ ❉❱❈❙ ❛♠♣❧✐t✉❞❡ ✐♥ ♠♦♠❡♥t✲s♣❛❝❡ ❛♣♣r♦❛❝❤ t♦ ●P❉s✳
✭✮ ❬❛r❳✐✈✿✵✽✵✼✳✵✶✺✾❪
❬❑✉♠✵✽❪ ❑✳ ❑✉♠❡r✐↔❦✐✱ ❉✳ ▼✉❡❧❧❡r✱ ❡t ❑✳ P❛ss❡❦✲❑✉♠❡r✐↔❦✐
❙✉♠ r✉❧❡s ❛♥❞ ❞✉❛❧✐t✐❡s ❢♦r ❣❡♥❡r❛❧✐③❡❞ ♣❛rt♦♥ ❞✐str✐❜✉t✐♦♥s✿ ■s t❤❡r❡ ❛ ❤♦❧♦❣r❛♣❤✐❝
♣r✐♥❝✐♣❧❡ ❄✳
❊✉r✳ P❤②s✳ ❏✳ ❈ ✺✽ ✭✷✵✵✽✮ ✶✾✸ ❬❛r❳✐✈✿✵✽✵✺✳✵✶✺✷❪
❬▲❊P✵✹❪ ▲❊P ❡t ❙▲❉ ❊❧❡❝tr♦✇❡❛❦ ✇♦r❦✐♥ ❣r♦✉♣s
❆ ❈♦♠❜✐♥❛t✐♦♥ ♦❢ Pr❡❧✐♠✐♥❛r② ❊❧❡❝tr♦✇❡❛❦ ▼❡❛s✉r❡♠❡♥ts ❛♥❞ ❈♦♥str❛✐♥ts ♦♥
t❤❡ ❙t❛♥❞❛r❞ ▼♦❞❡❧✳
✭✷✵✵✹✮ ❬❤❡♣✲❡①✴✵✹✶✷✵✶✺❪
❬▲✐♣✼✹❪ ▲✳ ◆✳ ▲✐♣❛t♦✈
❚❤❡ ♣❛rt♦♥ ♠♦❞❡❧ ❛♥❞ ♣❡rt✉r❜❛t✐♦♥ t❤❡♦r②✳
❙♦✈✳ ❏✳ ◆✉❝❧✳ P❤②s✳ ✷✵ ✭✶✾✼✹✮ ✶✽✶
❬▼❛r✵✻❪ ❈✳ ▼❛rq✉❡t ❡t ▲✳ ❙❝❤♦❡✛❡❧
●❡♦♠❡tr✐❝ s❝❛❧✐♥❣ ✐♥ ❞✐✛r❛❝t✐✈❡ ❞❡❡♣ ✐♥❡❧❛st✐❝ s❝❛tt❡r✐♥❣✳
P❤②s✳ ▲❡tt✳ ❇ ✻✸✾ ✭✷✵✵✻✮ ✹✼✶ ❬❤❡♣✲♣❤✴✵✻✵✻✵✼✾❪
❬▼❛r✵✼❛❪ ❈✳ ▼❛rq✉❡t
❆ ✉♥✐✜❡❞ ❞❡s❝r✐♣t✐♦♥ ♦❢ ❞✐✛r❛❝t✐✈❡ ❞❡❡♣ ✐♥❡❧❛st✐❝ s❝❛tt❡r✐♥❣ ✇✐t❤ s❛t✉r❛t✐♦♥✳
P❤②s✳ ❘❡✈✳ ❉ ✼✻ ✭✷✵✵✼✮ ✵✾✹✵✶✼ ❬❛r❳✐✈✿✵✼✵✻✳✷✻✽✷❪
❬▼❛r✵✼❜❪ ❈✳ ▼❛rq✉❡t✱ ❘✳ ❇✳ P❡s❝❤❛♥s❦✐✱ ❡t ●✳ ❙♦②❡③
❊①❝❧✉s✐✈❡ ✈❡❝t♦r ♠❡s♦♥ ♣r♦❞✉❝t✐♦♥ ❛t ❍❊❘❆ ❢r♦♠ ◗❈❉ ✇✐t❤ s❛t✉r❛t✐♦♥✳
P❤②s✳ ❘❡✈✳ ❉ ✼✻ ✭✷✵✵✼✮ ✵✸✹✵✶✶ ❬❤❡♣✲♣❤✴✵✼✵✷✶✼✶❪
❬▼❡②✵✼❪ ❆✳ ▼❡②❡r✱ ❈♦♠♠✉♥✐❝❛t✐♦♥ ♣r✐✈é❡✱ ✭✷✵✵✼✮
❬▼✉❡✾✵❪ ❆✳ ❍✳ ▼✉❡❧❧❡r
❙♠❛❧❧ ① ❇❡❤❛✈✐♦r ❛♥❞ P❛rt♦♥ ❙❛t✉r❛t✐♦♥✿ ❆ ◗❈❉ ▼♦❞❡❧✳
◆✉❝❧✳ P❤②s✳ ❇ ✸✸✺ ✭✶✾✾✵✮ ✶✶✺
❬◆❡❣✵✹❪ ❏✳❲✳ ◆❡❣❡❧❡ ❡t ❛❧✳
■♥s✐❣❤t ✐♥t♦ ♥✉❝❧❡♦♥ str✉❝t✉r❡ ❢r♦♠ ❧❛tt✐❝❡ ❝❛❧❝✉❧❛t✐♦♥s ♦❢ ♠♦♠❡♥ts ♦❢ ♣❛rt♦♥ ❛♥❞
❣❡♥❡r❛❧✐③❡❞ ♣❛rt♦♥ ❞✐str✐❜✉t✐♦♥s✳
◆✉❝❧✳ P❤②s✳ ❇ ✭Pr♦❝✳ ❙✉♣♣❧✳✮ ✶✷✽ ✭✷✵✵✹✮ ✶✼✵
❬◆✐❦✾✶❪ ◆✳ ◆✳ ◆✐❦♦❧❛❡✈ ❡t ❇✳ ●✳ ❩❛❦❤❛r♦✈
❈♦❧♦✉r tr❛♥s♣❛r❡♥❝② ❛♥❞ s❝❛❧✐♥❣ ♣r♦♣❡rt✐❡s ♦❢ ♥✉❝❧❡❛r s❤❛❞♦✇✐♥❣ ✐♥ ❞❡❡♣ ✐♥❡❧❛st✐❝
s❝❛tt❡r✐♥❣✳
❩✳ P❤②s✳ ❈ ✹✾ ✭✶✾✾✶✮ ✻✵✼
❬P✉♠✵✷❪ ❏✳ P✉♠♣❧✐♥ ❡t ❛❧✳
◆❡✇ ❣❡♥❡r❛t✐♦♥ ♦❢ ♣❛rt♦♥ ❞✐str✐❜✉t✐♦♥s ✇✐t❤ ✉♥❝❡rt❛✐♥t✐❡s ❢r♦♠ ❣❧♦❜❛❧ ◗❈❉ ❛♥❛✲
❧②s✐s✳
❏❍❊P ✵✷✵✼ ✭✷✵✵✷✮ ✵✶✷ ❬❤❡♣✲♣❤✴✵✷✵✶✶✾✺❪
❇✐❜❧✐♦❣r❛♣❤✐❡ ✻✼
❬❘❡❣✺✾❪ ❚✳ ❘❡❣❣❡
■♥tr♦❞✉❝t✐♦♥ ❚♦ ❈♦♠♣❧❡① ❖r❜✐t❛❧ ▼♦♠❡♥t❛✳
◆✉♦✈♦ ❈✐♠✳ ✶✹ ✭✶✾✺✾✮ ✾✺✶
❬❘❡❣✻✵❪ ❚✳ ❘❡❣❣❡
❇♦✉♥❞ st❛t❡s✱ s❤❛❞♦✇ st❛t❡s ❛♥❞ ▼❛♥❞❡❧st❛♠ r❡♣r❡s❡♥t❛t✐♦♥✳
◆✉♦✈♦ ❈✐♠✳ ✶✽ ✭✶✾✻✵✮ ✾✹✼
❬❘♦t✵✺❪ ❋✳ ❘♦t❤♠❛✐❡r
Pr♦❞✉❝t✐♦♥ ♦❢ ❍✐❣❤ PT ▼✉❧t✐✲▲❡♣t♦♥ ❊✈❡♥ts ❛t ❍❊❘❆✳
❉✐♣❧♦♠❛r❜❡✐t✱ ❯♥✐✈❡rs✐té ❞❡ ❍❛♠❜♦✉r❣ ✭✷✵✵✺✮✳
❉✐s♣♦♥✐❜❧❡ à ❤tt♣✿✴✴✇✇✇✲❤✶✳❞❡s②✳❞❡✴♣s✜❧❡s✴t❤❡s❡s✴❤✶t❤✲✹✵✶✳♣s
❬❘♦②✵✼❪ ❈✳ ❘♦②♦♥ ❡t ❛❧✳
❆ ❣❧♦❜❛❧ ❛♥❛❧②s✐s ♦❢ ✐♥❝❧✉s✐✈❡ ❞✐✛r❛❝t✐✈❡ ❝r♦ss s❡❝t✐♦♥s ❛t ❍❊❘❆✳
◆✉❝❧✳ P❤②s✳ ❇ ✼✽✶ ✭✷✵✵✼✮ ✶ ❬❤❡♣✲♣❤✴✵✻✵✾✷✾✶❪
❬❙t❛✵✶❪ ❆✳ ▼✳ ❙t❛➧t♦✱ ❑✳ ●♦❧❡❝✲❇✐❡r♥❛t✱ ❡t ❏✳ ❑✇✐❡❝✐➠s❦✐
●❡♦♠❡tr✐❝ s❝❛❧✐♥❣ ❢♦r t❤❡ t♦t❛❧ ❣❛♠♠❛✯ ♣ ❝r♦ss✲s❡❝t✐♦♥ ✐♥ t❤❡ ❧♦✇ ① r❡❣✐♦♥✳
P❤②s✳ ❘❡✈✳ ▲❡tt✳ ✽✻ ✭✷✵✵✶✮ ✺✾✻ ❬❤❡♣✲♣❤✴✵✵✵✼✶✾✷❪
❬❚r✐✵✽❪ ❚✳ ◆✳ ❚r✐♥❤
❙✐♥❣❧❡ Pr♦❞✉❝t✐♦♥ ♦❢ ❊❝✐t❡❞ ▲❡♣t♦♥s ❛t t❤❡ ▲❍❡❈✳
Pr❡♣❛r❡❞ ❢♦r t❤❡ 1st ❊❈❋❆✲❈❊❘◆ ▲❍❡❈ ❲♦r❦s❤♦♣✱ ❙❡♣t❡♠❜❡r 1✲s3✱ ❉✐✈♦♥♥❡✱
❋r❛♥❝❡ ✭✷✵✵✽✮
❬❱❡r✽✸❪ ❏✳ ❆✳ ▼✳ ❱❡r♠❛s❡r❡♥
❚✇♦ P❤♦t♦♥ Pr♦❝❡ss❡s ❆t ❱❡r② ❍✐❣❤✲❊♥❡r❣✐❡s✳
◆✉❝❧✳ P❤②s✳ ❇ ✷✷✾ ✭✶✾✽✸✮ ✸✹✼
❬❲✉s✾✾❪ ▼✳ ❲✉st❤♦✛ ❡t ❆✳ ❉✳ ▼❛rt✐♥
❚❤❡ ◗❈❉ ❞❡s❝r✐♣t✐♦♥ ♦❢ ❞✐✛r❛❝t✐✈❡ ♣r♦❝❡ss❡s✳
❏✳ P❤②s✳ ● ✷✺ ✭✶✾✾✾✮ ❘✸✵✾ ❬❤❡♣✲♣❤✴✾✾✵✾✸✻✷❪
❬❩✐♥✾✽❪ P✳ ❩✐♥✐
◗✉❛❧✐✜❝❛t✐♦♥ ❞✉ ❝❛❧♦r✐♠ètr❡ ❙♣❛❈❛❧ ❞❡ ❍✶ ❡t ét✉❞❡ ❞❡s é✈é♥❡♠❡♥ts ❞❡ très ❣r❛♥❞❡
é♥❡r❣✐❡ tr❛♥s✈❡rs❡❡✳
❚❤ès❡✱ ❯♥✐✈❡rs✐té ❞❡ P❛r✐s ❳■ ✭✶✾✾✽✮✳
❉✐s♣♦♥✐❜❧❡ à ❤tt♣✿✴✴✇✇✇✲❤✶✳❞❡s②✳❞❡✴♣s✜❧❡s✴t❤❡s❡s✴❤✶t❤✲✶✶✽✳♣s

❆♥♥❡①❡ ❆ ✲ ❆♥ ❡♥❡r❣② ✢♦✇ ❛❧❣♦r✐t❤♠ ❢♦r ❍❛❞r♦♥✐❝ ❘❡❝♦♥str✉❝t✐♦♥ ✐♥ ❖❖✿ ❍❛❞r♦♦✷ ✻✾
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Figure 1: Different track types and their angular domain, and the two
vertex hypothesis for a single track. Both primary and secondary vertex
fitted tracks can be selected.
combined (K) central (C)
pT > 120 MeV pT > 120 MeV
0◦ < θ < 40◦ 20◦ < θ < 160◦
|dca′| ≤ 5 cm |dca′| ≤ 2 cm
Rstart ≤ 50 cm Rstart ≤ 50 cm
Rlength ≥ 0 cm Rlength ≥ 10cm for θ ≤ 150◦
∆p/p ≤ 99999.9 Rlength ≥ 5cm for θ > 150◦
NCJC hits ≥ 0 NCJC hits ≥ 0
χ2track−vertexfit ≤ 50
χ2cent.−fwd.tracker ≤ 50
forward (F)
pT > 1 MeV
6◦ ≤ θ ≤ 25◦
R0 ≤ 10 cm
χ2trackfit/NDOF ≤ 10
χ2track−vertexfit ≤ 25
nPrimary + nSecondary
P lanarSegments ≥ 1
nP lanar + nRadialSegments ≥ 2
∆p/p ≤ 9999.9
p ≥ 0.5 GeV
Table 1: Summary of the different cuts used in the track selection. If a
track satisfies several set of cuts, the preference order is Central, Com-
bined, Forward.The dca is the distance of closest approach of the track
extrapolation to the vertex and dca′ is the distance of closest approach
in the x,y plane at z = zvertex.
3
1 Introduction
One of the tasks of the OO framework is to provide to the user reconstructed particles at the
µODS level. To achieve this goal physics algorithm now benefit of all the expert knowledge
integrated during the HERA I operating phase. Particle identification is made by a set of differ-
ent finders running sequentially, namely the electron finder, the muon finder, and the hadronic
final state (HFS) finder. Additional finders may create so-called composed particles, such as
the D∗ finder or the jet finder. The input of the jet finder for the “exclusive jets” is the output
of the HFS finder.
An energy flow algorithm is characterised by the combination of information coming from
different sub-detectors. Following the guideline of a general improvement in the measurement
of physical quantities with the H1 detector, the HADROO (for Hadronic Reconstruction in OO)
algorithm was developed by M. Peez and C. Valle´e [1], introducing the idea of using either the
track or the calorimetric information for the creation of a particle candidate, depending on the
error of the track measurement. This was the first step toward an energy flow algorithm.
This implementation was then refined, including also a better calorimeter noise rejection
and an absolute calibration of the hadronic final state, based on reconstructed jets and suited
for high Q2 analyses. This actual implementation, called Hadroo2, will be described in this
note.
The minor conceptual difference between Hadroo2 and a so-called energy flow algorithm
— such as for example the D0 one [2] or the ZEUS one [3] — is that a one-to-one attribution of
a cluster to a track is not performed1. In this view, it is an inclusive oriented algorithm, however
it suits also to exclusive analyses because of the detailed track treatment.
This note will be organised in the following way: first, a description of the basic inputs of
the algorithm (tracks and clusters) will be done. Particularly, the noise treatment applied to
calorimetric objects will be detailed. Then the algorithm itself will be described, and compared
with other HFS algorithms developed in H1. Its application to the reconstruction of high PT
jets and a suited calibration procedure is developed in the last part of this document.
2 Selection of the input objects: Tracks and Clusters
2.1 Tracks
As the spirit is to benefit from expert knowledge, the tracks used are the standard “good quality”
tracks as defined by the heavy flavour group, the so-called “Lee West” tracks [4]. These tracks,
measured with the central and forward tracking detectors (see Fig. 1), are classified in three
categories, Central, Combined and Forward, requiring the quality cuts detailed in Table 1.
If a track satisfies several sets of cuts, the preference order is Central, Combined, Forward.
Both primary and secondary vertex fitted tracks can be selected but preference is given to
primary. For HERA II data and MC, pure forward and combined tracks are excluded because
their kinematics as well as their error measurement are at the moment not well studied and
described. The selected tracks build up the input of the Hadroo2 algorithm.
1This problem is not trivial because of combinatorial ambiguities and its difficulty depends crucially on the
features of the clustering algorithm.
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of part of the energy of the scattered electron as hadrons3 and the presence of photons due to
QED initial state radiation. These two contributions are discussed in details in [11] and will
be explicitely removed in the present study. After the removal of such events, the remaining
bias introduced by noise can be observed in Fig. 2. On the right plot the difference between
the reconstructed and the true value of yh as a function of the true yh shows that the events
with yh ∼ 10−2 have a systematic bias of the order of 60 %, even after the application of noise
suppression at the reconstruction level.
Figure 2: Comparions between the reconstructed and true values of yh
using a neutral current Monte Carlo event sample. The left figure shows
the effect of the radiative NC events on the yh/ygen distribution (Note
the logarithmic scales). The right figure shows the mean of yh/ygen as
a function of ygen and the effect of removing explicitely contributions
due to radiative events (labeled “NoRad”), and misidentification of the
scattered electron (“NoMisId”).
Beside topological background finders [9, 10] dedicated to the rejection of an entire event
which does not originate from an ep collision, the noise suppression algorithms described here
are designed to remove the unphysical clusters while keeping the event. They are specially
tuned to remove the previously described high θ background. Note that before all this there
is already the so-called topological noise suppression (ETNS) (see Ref. [5]) which is applied
at the reconstruction level (H1REC). In Monte Carlo noise is added on top of the simulated
energy deposit. This noise come from real data taken during dedicated random trigger runs.
Noise suppression strategy First, all one-cell clusters are considered as not physical and
removed, as well as clusters with energy Eclu < 0.2 GeV in LAr or 0.1 GeV in SpaCal. Then
a set of background finders (as developed in [11]) are applied. Now these finders will be
described and their performance studied.
3The imperfect cluster algorithm can give rise to multiple clusters for the scattered electron in particular when
it hits Φ crack between octants
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2.2 Clusters
The clusters are aligned and beam tilted in a proper way using run-dependent alignment fac-
tors. Calorimetric clusters are made only out of LAr or SpaCal. Iron or Plug cluster are not
considered (beside the mediocre energy resolution of the Iron calorimeter, a significant fraction
of Iron clusters are noise or background2). If a cluster in LAr have cells in Iron or Plug, these
cells are removed from the cluster. Note that the negative energy cells in clusters are kept, as it
must be to avoid a systematic positive bias in energy measurements.
The cluster energy momentum four-vector is made of the addition of massless cells four
vectors (in this way clusters acquire a “mass”). The position of the center of gravity is deter-
mined with a linear energy weighting of the cells positions.
2.2.1 Weighting
As the LAr calorimeter has the well-known behaviour of being non-compensating, weighting
algorithms are necessary to compensate the lower response to hadrons with respect to electron
for a same energy [5]. Such a weighting procedure is already applied at the reconstruction level,
in H1REC, identifying clusters as originating from electromagnetic particles or from hadrons.
But in the present algorithm this classification was modified. All clusters with at least
95 % of their energy in electromagnetic part and with also 50 % of it in the first two layers
of the electromagnetic calorimeter are taken at the electromagnetic scale. All other clusters
are considered as originating from hadrons and the hadronic energy scale, determined by the
H1REC weighting algorithm, is considered. It was shown by S. Hellwig and K. Daum that this
improves the energy resolution in D∗ analysis and that the total reconstructed energy of the
HFS was closer to the true level [6].
2.2.2 Noise suppression
The default situation All the measurement relying on the LAr calorimeter are affected by a
relatively large amount of noise (few GeV per event). This noise is due to detector effects such
as noise in the electronics or pile-up deposition of energy coming from non ep physics like halo
or cosmic muons. The impact of this noise on physics analysis is clearly not negligible. For an
inclusive analysis, the distribution
yh =
∑
hEh − Pzh
2E0
(1)
is specially affected. At low yh (when Eh ∼ Pzh) most of the hadrons are produced in the
forward direction. Any noisy cluster misidentified as part of the hadronic final state will count
in the sum of Eq. (1) with a weight increasing with θ. So even relatively low energy noisy
clusters in the barrel part of the LAr will strongly bias the yh distribution. This situation is
depicted in Fig. 2 where the different contribution to the distorsion of the measurement of
yh are depicted. Two first sources of bias in the measurement of yh are the misidentification
2Note that the inclusion of tail catcher clusters with connected activity in the LAr could help to improve the
determination of the energy of high PT jets. This study is therefore planned for further developments of the HFS
finder
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Figure 4: Improvement in yh re-
construction after the HALOID al-
gorithm for charged current MC
events in which there is an overlap
halo muon.
2.2.5 The HNOISE algorithm
Contrary to halo muons, cosmic muons or coherent noise do not have a characteristic pattern of
energy deposit. However, on general ground, any deposit in the hadronic part of LAr should be
connected to activity in the electromagnetic part or linked with tracks. The HNOISE algorithm
look for clusters in the hadronic part and suppress them if the following conditions are all
fulfilled:
• There is no energy deposit in the first hadronic layer or there is energy deposit in the first
hadronic layer and there is no more energetic clusters at a distance less than 75 cm.
• There is no electromagnetic energy in a safety cylinder of 50 cm radius. The axis of this
cylinder is defined by the interaction vertex and the barycenter of the considered cluster.
• There is no vertex fitted track with a dca of less than 50 cm.
This finder help again to remove a part of the noise, as shown in [11] . However there is
still noise contribution at large angles leading to a bias in the yh distribution. The NEWSUP
algorithm is designed to remove this remaining background.
2.2.6 The NEWSUP algorithm
The NEWSUP algorithm is inspired form FSCLUS: it is designed to suppress low energy
isolated clusters. However, to remove completely the noise a threshold higher than previously
applied is needed, but only in the central region of LAr where the E − Pz contribution of
a false particle candidate biases the yh of the event by a large value. Contrary to FSCLUS
this algorithm care about track-cluster link and if there is a vertex fitted track with dca ≤ 25
cm for an electromagnetic cluster or dca ≤ 50 cm in the hadronic part the corresponding
cluster is not suppressed. The same thresholds as in FSCLUS are applied, except that now
E1 = E2 = 1.5 GeV for θ > αh. The angle αh is chosen to be the maximum between the angle
of the most backward track and the inclusive hadronic angle4 tan(γh/2) = (Eh − Pzh)/P hT .
The algorithm is run iteratively until there is no cluster suppressed. The results are presented
in Fig. 5 where situation for charged current events is depicted. The energy reconstructed at
4If γhLAr ≤ 50o or yhLAr ≤ 0.1 the SpaCal clusters do not enter in the calculation of γh.
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2.2.3 The FSCLUS algorithm
The principle of the FSCLUS algorithm, noise suppression inherited from a fortran algorithm,
is the suppression of low energy isolated clusters. If the energy Eclu of a cluster is such that
Eclu < E1 the energy Esphere in a sphere of radius R around the cluster is computed and if
Esphere < E2 then the cluster is suppressed. This allows low energy cluster to survive if they
are near more energetic ones e.g. if they are due to a shower fluctuation. The values for the
different thresholds are E1 = E2 = 0.4 GeV and R = 40 cm for θclu > 15◦, E1 = E2 = 0.8
GeV and R = 20 cm for θclu < 15◦. Consistently with the first suppression the threshold E1
is lowered to 0.2 GeV for clusters in the electromagnetic part of LAr. Clusters near the beam
pipe in the SpaCal calorimeter are also suppressed if
√
x2clu + y
2
clu < 9.6 cm. The performance
of the FSCLUS algorithm is shown in Fig. 3: the bias is reduced by 20 % and is now at a level
of 40 %. So this noise suppression is clearly not efficient enough and has to be combined with
other algorithms.
Figure 3: Mean of yh/ygen distri-
bution as a function of ygen (Note
the logarithmic scales). The situa-
tion before and after the application
of FSCLUS is depicted by open and
solid circles, respectively. Neutral
current events from a Monte Carlo
sample have been used.
2.2.4 The HALOID algorithm
The HALOID algorithm is devoted to the suppression of energy deposit due to halo muons on
top of real physics events. The signature is a narrow energy deposit parallel to the beam axis.
To suppress such a pattern, for each cluster it is defined two cylinders of radius R1 = 25 cm
and R2 = 65 cm. If there is energy deposit in these cylinders in at least 4 wheels including 2
CB wheels, and if at least two of the following criteria are true:
Ecylinder 1 ≥ 0.5Ecylinder 2 (2)
Nclusters in cylinder 1 ≥ 0.5Nclusters in cylinder 2 (3)
Ncells in cylinder 1 ≥ 0.5Ncells in cylinder 2 (4)
the cluster is flagged as noise and suppressed. The improvement in the measurement of yh
before and after the suppression is shown in Fig. 4 based on a charged current MC sample.
There is a clear improvement in the yh reconstruction of these very biased events.
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2.2.7 Safety tests of the noise finders
As these finders are applied by default, careful studies have been performed to see if signal
relevant for exclusive studies were not suppressed. Tests were made on different MC samples,
namely D∗ events in photoproduction and in DIS, and diffractive J/Ψ events.
The principle of the tests was to look if these additional noise suppressions was killing
genuine signal. The distance in the η, ϕ plane between a generated particle (with P genT >
180 MeV, so that it reaches the calorimeter) and each particle candidate was computed:
d =
√
(ηgen − ηcand)2 + (ϕgen − ϕcand)2. (5)
The minimal distance is supposed to give the corresponding candidate associated to the gen-
erated particle. By looking at this minimal distance before noise suppression dnosup and after
noise suppression dsup we can see if signal has been suppressed.
Figure 7: Numbers of entries regarding the minimal distance in η, ϕ
between a generated particle and a particle candidate before dnosup and
after dsup noise suppression, in the D∗ photoproduction event sample.
The figures 7 and 8 are two dimensional histograms of dnosup versus dnosup − dsup. It is
straightforward to see that first, most entries are concentrated at dnosup− dsup = 0, so the noise
suppression was safe, and in the dnosup − dsup = 0 plane the region dnosup ≃ 0 dominate,
so the generated particle was correctly matched to a candidate. The region to look for signal
suppressed is the region of dnosup ≃ 0 (the particle is well associated to a generated one) and
dnosup− dsup < 0. We see two such entries on the histogram of Fig. 7, at dnosup− dsup = −0.5
and−1.5. The first one is a π− killed by the NEWSUP algorithm, and the second one a n killed
by the HNOISE algorithm. For the histogram of Fig. 8, five particles (two γ, two K0L and a n)
are found to be suppressed, this being mainly due to the special topology of photoproduction
charm events with a large number of very low energy particles in a large η range. A conclusion
can be drawn by looking at the Table 2 where one can see that the loss of genuine signal is at a
very low and acceptable rate with respect to the signal suppressed.
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high angles is much greater than the generated one without any noise suppression. After the
application of all suppression algorithms developed here the measurement is closer to the true
level.
Figure 5: Comparison between
the total reconstructed and gener-
ated energy distributions for low yh
events with all noise suppressions
(open circles) and without (solid
circles). The true level is repre-
sented by an histogram. Charged
current events from a Monte Carlo
sample have been used.
All the previous discussions were purely based on MC files. We have now to check that all
the noise suppression is applicable to real data. This is done in Fig. 6 where the energy fraction
suppressed from data and MC are compared as a function of yh. A good agreement is observed
and the amount of suppressed noise energy is comparable to the previous FORTRAN imple-
mentation of the algorithms, as presented in [11]. The conclusion is that the combination of
these complementary noise finders allows a good reconstruction of the yh kinematic variables.
A good suppression is also very important in the views of a calibration procedure aiming at the
knowledge of the true energy.
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3 The Hadroo2 algorithm
The Hadroo2 algorithm realises the creation of the HFS particles. Note that if there are iden-
tified electrons or muons which are not flagged as isolated5, they are considered as being part
of the Hadronic Final State but their four vector remains unchanged and their associated tracks
and clusters are excluded from any additional treatment.
The algorithm starts with the previously described list of selected tracks and clusters. The
cornerstone idea of the energy flow algorithm is the combination of the tracks and clusters. As
we may have both for a charged particle, we want to keep the best measurement. To achieve
this, we propose to compare relative resolutions of the tracker or of the calorimeter for the
measurement of the same amount of energy.
3.1 Comparison of tracker and calorimeter resolutions
Each track is supposed to originate from a pion, with energy
E2track = P
2
track +m
2
π = P
2
T,track/ sin
2 θ +m2π. (6)
The error on this energy is obtained by standard error propagation using some of the track
fitting error information:
σEtrack
Etrack
=
1
Etrack
√
P 2T,track
sin4 θ
cos2 θσ2θ +
σ2PT
sin2 θ
(7)
where σPT and σθ are the corresponding error on PT and θ and neglecting their correlations. It
was checked that the use of the full covariance matrix gave similar results within 2 % at most.
Now we evaluate for each track what would be the corresponding error of this particle as
measured with the calorimeter. This decision turns out to be only based on the track, but it
is not possible to make any decision based on the calorimeter deposit as this one is a priori
unknown due to possible contribution of neutral particles. We made the assumption that the
corresponding error on the measurement of this particle in the LAr [5] would lead to the error
σE LAr expect. (σE
E
)
LAr expectation
=
σE LAr expect.
Etrack
=
0.5√
Etrack
. (8)
The relative resolutions defined by Eqs. (7) and (8) are then compared to determine which
of the tracker or the calorimeter provides the best measurement. The track is considered as a
“good one” if
σEtrack
Etrack
<
σE LAr expect.
Etrack
(9)
The Fig. 9 shows the relative resolutions of the track compared to the LAr expectation. We
observe that the tracker measurement is better up to 12 GeV for forward tracks, 25 GeV for
5A muon is isolated if the calorimeter energy in a cylinder around the extrapolated muon track is < 5 GeV
(cylinder radius of 35 cm in electromagnetic, 75 cm in hadronic LAr section) and if there is no other selected track
in a cone of radius Rη−ϕ = 0.5.
An electron is isolated if the calorimeter energy not attributed to any other identified electron in a cone around
the electron of radius Rη−ϕ = 0.5 is less than 3 % of the electron energy. All SpaCal electrons are considered as
isolated.
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Figure 8: Numbers of entries regarding the minimal distance in η, ϕ
between a generated particle and a particle candidate before dnosup and
after dsup noise suppression, in the D∗ low Q2 DIS event sample.
D∗ photoproduction sample Inefficiency
2 signal killed 717 newsup clusters 0.2 %
3 signal killed 114 hnoise clusters 2.6 %
D∗ low Q2 DIS sample Inefficiency
1 signal killed 562 newsup clusters 0.2 %
1 signal killed 140 hnoise clusters 0.7 %
Table 2: Summary of the signal suppression.
For sake of completeness a test was made on a diffractive J/Ψ sample. It was found that
two µwith no tracks associated and not found by the muon finder were suppressed by HNOISE,
this for 104 J/Ψ events. So the noise suppression is clearly safe for diffractive vector meson
production.
To conclude the noise finding achieves a very good compromise between efficiency and
safety. The output list of noise suppressed clusters is the input of the Hadroo2 algorithm which
is now going to be described in detail. Every noise suppressed cluster is flagged and re-used to
calculate the total hadronic LAr four-vector produced by noisy cells. This information is stored
on HAT in the variables which start with the string ’HfsClusNoiseXXXX’ and allows then to
study the impact of the different noise finders.
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Figure 10: The axis of the cone and the cylinders is the straight line
extrapolation of the particle trajectory into the calorimeter. The dis-
tance of closest approach (dca) of a cluster is defined with respect to
this line. This drawing is courtesy of A. Perieanu.
Ecylinder, taking into account possible fluctuations of both measurement within their standard
errors6 and if
Ecylinder < Etrack ×

1 + 1.96
√(
σEtrack
Etrack
)2
+
(σE
E
)2
LAr expectation

 (10)
an amount of calorimetric energy Esuppressed equal to Ecylinder has to be suppressed completely.
Otherwise only an amount of energy Esuppressed = Etrack is suppressed. Clusters are sup-
pressed one after the other by increasing dca and up to the needed energy. To reach the exact
Esuppressed energy, some clusters may be only partially removed and their energy is adjusted.
The meaning of Eq. (10) is the following: the calorimeter measurement may have fluc-
tuated, but the well measured track give a constraint on the amount of energy coming from
charged particles; so we discard all the calorimeter measurement except if the observed fluctu-
ation is above 95 % C.L. of the error. If Eq. (10) is false the energy difference Ecylinder−Etrack
is assumed to originate from neutral particles or other charged tracks. So it is a way of decid-
ing whether there is additional energy not belonging to the primary track or not without always
believing the upward fluctuations of the LAr energy measurement.
3.3 Calorimetric measurement preferred
If Eq. (9) is false then the energies Ecylinder and Etrack are compared and if
Etrack ∈
[
Ecylinder − 1.96σEcylinder , Ecylinder + 1.96σEcylinder
] (11)
6This feature of the algorithm was suggested by K. Daum
13
Figure 9: Relative resolution of the different types of tracks compared
to the LAr expectation.
central tracks and about 13 GeV for combined tracks. We also observe that the error of the track
measurement is reasonably well described by the MC, at least up to the turnaround energy.
To also optimise the global energy measurement, selected charged tracks are ordered by
increasing PT , in order to associate first the clusters to the well measured low PT tracks. Then
the algorithm do a loop over selected tracks and for each track test the Eq. (9) and try to
associate calorimetric clusters to the track.
3.2 Track measurement preferred
If Eq. (9) is true, the track measurement is used to make a particle candidate. In this case the
calorimetric energy has to be suppressed to avoid double counting. Each track is extrapolated
up to the surface of the calorimeter as an helix, and inside LAr as a straight line. The calori-
metric energy Ecylinder is computed as the sum of all clusters in the overlapping volume of a
67.5◦ cone and two cylinders of radius 25 cm in the electromagnetic part of LAr and 50 cm
in the hadronic part (see Fig. 10). This volume will be referred hereafter as the “cylinder”.
The numerical values are such that the cylinder reasonably contains the full hadronic shower.
Small variations of these values do not lead to significant changes in the performance of the
algorithm.
Then the track energy Etrack is compared to the calorimetric energy inside the cylinder
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the calorimetric clusters7.
Indeed, when the compared energies are compatible, the hadrons are well measured but most
of the time the measurement of the calorimeter is more accurate. When the track energy is
much larger than the calorimeter energy, it is most of the time due to a bad measurement of an
high PT track.
3.4 Treatment of residual clusters
Once all the tracks have been treated, particles candidates are made out of remaining clus-
ters using the calorimetric energies. The momentum of these clusters is rescaled to obtained
massless particles. Thes particles correspond to neutral hadrons with no associated track or to
charged particles with a badly measured track.
4 Comparison with other HFS algorithms
The main kinematic variable used in the next sections are defined using the hadronic and
double-angle methods. The total hadronic transverse momentum P hT is defined by
P hT =
√√√√(∑
h
P hx
)2
+
(∑
h
P hy
)2
(12)
where the summation h extends over all reconstructed hadrons at the µODS level. The quantity
θh and θeh stand for the hadronic inclusive polar angle calculated respectively with the hadronic
and positron variables using:
tan(θh/2) =
∑
h(Eh − Pzh)
P hT
(13)
and
tan(θeh/2) =
2Ee0 − (Ee − Pze)
P eT
(14)
where Ee0, Ee, Pze and P eT are respectively the energy of the incident positron, the energy, the
longitudinal and transverse momenta of the scattered positron.
The total transverse momentum P daT is calculated using the double angle method from the
angles of the positron and of the hadronic system:
P daT =
2Ee0
tan θe
2
+ tan θh
2
. (15)
The PT balance P balT stands for the ratio of the hadronic transverse momentum and the
double angle transverse momentum:
P balT =
P hT
P daT
. (16)
7Note that technically the four-vector of the particle candidate associated to the track is changed using the
calorimeter informations. Only if there is no calorimetric energy behind the track, its particle candidate four-
vector is set to zero.
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1 GeV10 GeV
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(a) Start
10 GeV
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30 GeV
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Figure 11: Example: behaviour of the Hadroo2 algorithm given three
starting situations involving tracks and clusters. On the first line, a
10 GeV track measured with a 4 % accuracy is kept (Eq. (9)) and all
the calorimetric information is removed (Eq. (10)). On the second line
the track information is still kept, however the cylinder energy of 15
GeV is determined to contain a neutral component (following the Eq.
(10)) and only the track energy is subtracted. On the third line the track
is not well measured (15 % accuracy) and the calorimetric information
is used.
(with σEcylinder = 0.5
√
Ecylinder) the track energy is considered to be compatible with the
calorimetric deposit and the calorimetric measurement is used to define a particle candidate.
Otherwise, if
• Etrack < Ecylinder−1.96σEcylinder , the track measurement is used and calorimetric energy
is subtracted as in Sec. 3.2.
• Etrack > Ecylinder+1.96σEcylinder , the track is suppressed and an hadron is defined using
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Figure 13: Fraction of the total hadronic PT due to clusters for high Q2
NC DIS one jet events, as a function of θjet and P daT . Data are presented
using solid circles and MC with open circles.
the contributions of tracks and cluster in the data are reasonably well described by the MC, as
expected from the good description of the track relative resolution as shown in Fig. 9.
Figure 14 is a comparison of the P balT (θjet, P daT ) = P hT /P daT for the same high Q2 NC DIS
one jet sample reconstructed with different algorithms. No cluster calibration is applied. In
almost all calorimeter wheels, a 10 % shift of the P balT mean values of the Hadroo2 algorithm
is observed due to the different weighting scheme used (see Sec. 2.2.1). On this plot the
contribution of tracks is clear, already for the OF region: the P balT is much flatter with respect
to P daT . In the IF1 and IF2 regions, where track contribution is negligible, all the P balT have a
similar shape.
4.2 Resolution
The evolution of P balT distributions as a function of P daT and θjet for FSCOMB and Hadroo2
algorithms are compared in Fig. 15. The evolution of mean values of P balT distributions are
17
In this note the following area depicted on Fig. 12 will be used. It is an angular division
roughly named after the corresponding calorimeter wheels.
IF1 
IF2
OF
FB CB3 CB2
CB1
BBE
IF1 IF2 OF FB CB3 CB2 CB1 BBE
7◦-10◦ 10◦-15◦ 15◦-30◦ 30◦-55◦ 55◦-80◦ 80◦-110◦ 110◦-135◦ 135◦-155◦
Figure 12: Definition of the different areas of the LAr calorimeter
defined for the HFS calibration.
In the past, several other approaches for the reconstruction of the hadronic final state have
been used. For inclusive high Q2 analysis, algorithm using only calorimeter information has
been used — this is referred here as the “clusters only” algorithm. This suffers from the draw-
back that low PT tracks component is not included in the HFS reconstruction and is therefore
missing.
The widely used FSCOMB algorithm has been one of the first attempts to combine tracks
and clusters, but tracks were only considered up to8 a PT of 2 GeV. In FSCOMB the subtraction
also is done in such a way that only Etrack is suppressed, and never Ecylinder. So there is no
equivalent to Eq. (10) and the energy measurement of LAr is always trusted.
4.1 Composition in tracks and clusters of the HFS particles
Figure 13 shows the relative contribution of clusters to P hT for neutral current (NC DIS) events
with only one jet and for data and MC events. The details of the event selection used here are
given in Sec. 5.2. The fraction of tracks is then the complement to one of the cluster fraction
presented in Fig. 13.
A clear pattern of dependencies upon P daT and θjet appears. We see that first, the contribu-
tion of tracks is decreasing when the transverse energy of the jet is increasing. This is consistent
with the fact that more clusters are chosen at high energies. The main dependency is the one
with respect to θjet. For θjet < 15◦ the forward and combined track contributions are rather
low, and the HFS particles are clearly cluster-dominated by about 80 %. In the OF region the
central track contribution starts to play a role and the cluster contribution decreases. At the
end, the cluster contribution in the central region is around 40 %. We can also observe that
8When the algorithm was developed, high PT tracks had not been extensively studied.
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Figure 15: Evolution of mean values (left figures) and relative resolu-
tions (right figures) of P balT as a function of P balT and θjet, for FSCOMB
and Hadroo2 algorithms. The influence of the “new weighting” [7, 8]
(blue dots) is also presented.
5 Jet Calibration procedure
This section is devoted to the calibration of jets for high Q2 inclusive measurements. The
knowledge of the absolute energy scale and its error is a key point for lots of analyses, ranging
from searches and “exotic” analyses where we want to reconstruct an invariant mass, to jets and
inclusive physics where the understanding of the error on the hadronic energy scale is crucial.
This is especially true for the Charged Current analysis where all the kinematics variables are
reconstructed using the HFS.
5.1 The principle of calibration
Once the hadron finding algorithm has been fully specified, a suited calibration procedure can
be applied. The selected tracks are already calibrated and the calibration procedure must not
change their energy. In figure 16 we observe that the K0 mass peak obtained with the default
H1PartK0Finder has an accuracy better than 1 %.
The aim is therefore to perform a jet calibration but only changing the energy of calorimeter
clusters. The method of jet calibration used here is derived from [12]. The reference quantities
used for the calibration are determined with the double angle kinematics. The hadronic trans-
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Figure 14: Comparison of the P balT = P hT /P daT dependency upon P daT
for different HFS algorithms: FSCOMB, Hadroo2 and clusters only.
depicted on the left figures while the right figures present the evolution of the relative resolution,
defined as σ(P balT )/ < P balT >. NC DIS events with only one jets have again been used (see
Sec. 5.2). The mean values corresponding to the Hadroo2 algorithm are shifted down by
∼ 10 % due to the weigthing scheme used. Nevertheless the resolution obtained with the
Hadroo2 algorithm is comparable to FSCOMB and even better in the backward region of the
LAr calorimeter.
Further improvement of the resolution can be obtained by combining the Hadroo2 algo-
rithm with the new energy weighting scheme for hadronic clusters proposed in [7, 8]. This
is displayed by blue points on Fig. 15. We can observe that the resolution is improved in
all regions of the calorimeter and especially in the central part of the barrel and for 10 GeV
< P daT < 20 GeV. The evolution of the mean values of P balT as a function of P daT is also flat
using this new weighting. Therefore it is planned to include this new energy weighting in next
developments of the HFS finder.
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Figure 17: P daT /P
gen
T distributions before and after having applied the
good double angle measurement cuts. The bias of P daT to higher values
due to QED ISR is significantly reduced by these cuts.
The figure 17 shows the ratio P daT /P
gen
T before and after the good P daT measurement cuts
for high Q2 neutral current MC.
The improvement of the P daT measurement is clear, especially the bias of the P daT to larger
values (due to initial QED radiation) is significantly reduced. Hence we can say that the double
angle measurements are well under control. Note that no cut on the hadronic energy is used,
because indeed such a cut would bias the distributions used to calibrate. In these one jet events
the hadronic final state is entirely contained in a single material region of the LAr and we have
an approximation of the difference between the true PT of the jet (approximated as P daT ) and
the response (or lack of response) of the detector.
The evolution of mean values of P balT distributions upon P daT — called Fptbal — is fitted
separately for several θ regions. The functional form used for the fit is
F θptbal(P
da
T ) = Aθ(1− exp−Bθ−CθP
da
T ) (17)
The P balT distributions and the result of the fit are shown in Fig. 18.
During the calibration procedure described in the next section each jet will then be corrected
by this factor Fptbal. But, as these coefficients are determined using an high PT (greater than 10
GeV) selection, the extrapolation of Fptbal to low PT jets cannot be reliably trusted. Therefore,
only jets with P jetT > 4 GeV will be calibrated with this method. In very forward region,
θjet < 7
◦
, affected by leakage in the beam-pipe no absolute calibration can be reasonably
applied too. Jets reconstructed in the SpaCal calorimeter (θjet > 155◦) are also not calibrated.
In order to also calibrate remaining hadrons which are not part of a jet, or in jets not cal-
ibrated using Fptbal, the dependence of the mis-calibration is also determined as a function of
θeh only, as presented in Fig. 19. This will be use to determine calibration coefficients Dθ for
each θ bin as defined in Fig. 12. The coefficients Dθ will be applied to all remaining hadrons,
separately for data and MC to perform an absolute calibration, except in the region θhadron < 7◦
where a relative calibration is applied. Here only data events will be calibrated, to bring the
response of the LAr calorimeter to the one simulated in the MC.
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Figure 16: K0 mass spectrum
(normalised to the K0 mass) ob-
tained with the µODS standard
H1PartK0Finder. The invariant
mass of the two pions is computed
using the good quality tracks. The
mean of a Gaussian fit (blue line) is
centered to one with less than 1 %
deviation.
verse momentum determined with this method is independent of the LAr energy calibration
to a good approximation. The calibration is said to be absolute if the measured P hT coı¨ncides
with the P daT (see Sec. 4 for definition of the variables). The use of the double angle method
as a reference has several consequences: first, the calibration sample chosen to determine the
calibration constants must be such that the P daT measurement is well under control. Secondly
this method does not rely on MC which is separately calibrated and no relative calibration is
needed. Finally the method is also independent of the electron calibration.
5.2 Determination of the calibration constants
The event sample used to determine the calibration coefficients is defined by the following
selection:
• Good quality selection (High Voltage, Vertex, background finders, etc),
• Q2 ≥ 100GeV 2,
• 1 electron with P eT ≥ 10 GeV,
• only one jet,
• good P daT measurement cuts:
– Anti ISR cut P eT/P daT > 0.88
– Anti leakage cuts : ESpaCal/Etotal < 1 %
– P SpaCalT /P
total
T < 1 %
– Eiron/Etotal < 1 % or P ironT /P totalT < 1 %
– dθ = |θhad − θjet| < 1.5. This cut was shown to improve the double angle mea-
surement at low P jetT and θjet (see [12]).
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Figure 19: Mean values of P balT distributions for each LAr wheel (left
figure), for data (solid circles) and MC (open circles). The ratio be-
tween data and MC points is presented in the figure on the right. This
example is for 1999p-2000 data and RAPGAP Monte Carlo.
factor f we need to apply only to all clusters in the jet is given by
f =
1− Fptbal × (1− Ccls)
Fptbal × Ccls (19)
For each jet Fptbal which was determined as a function of θ and P daT (Eq. (17)) will be
calculated using instead the mean polar angle of the jet θjet and its transverse momentum P jetT .
Indeed P daT can not be used now as, for a general selection, the double angle measurement may
not be reliable and the total transverse momentum can be also shared between different jets.
In order to have an approximation of the “true” transverse momentum an iterative procedure
is used. The uncalibrated P jetT is used as the argument in Eq. (17) for a first approximation of
f . The resulting P jet
′
T is then used to compute the final f used to calibrate. For each jet the
calibration is performed by multiplying the cluster energy by the f factor. Then in order to be
consistent with the kt jet kinematics ϕjet, ηjet, P jetT are properly recomputed and the final jet is
massless.
The jets are not calibrated if P jetT < 4 GeV or θjet < 7◦ or θjet > 155◦. The total hadronic
final state can be decomposed in hadrons belongings to calibrated jets and remaining hadrons:
PHFS,Uncalibrated =
∑
i
Pjet i,Uncalibrated + PHFS,not in jet (20)
where PHFS,not in jet the part of the HFS not in jets brings a negligible PT contribution in high
Q2 events9. In a second step PHFS,not in jet will be calibrated using Dθ coefficients depending
on the polar angle of each hadron θhadron. All cluster hadrons will be absolutely calibrated,
except for θhadron < 7◦ where the calibration is applied only to data events using Dθ<7◦ =
Ddataθ<7◦ /D
MC
θ<7◦ . The total calibrated hadronic system is then obtained with:
PHFS,Calibrated =
∑
i
Pjet i,Calibrated + PHFS,not in jet,calibrated (21)
9In the theoretical prescription implemented in the jet finder [13] one end with nothing but only jets in the
HFS. However as it is not really reliable to go down to arbitrary low PT a cut of P jetT ≥ 2.5 GeV is introduced
for the writing of jets on µODS.
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Figure 18: Evolution of the mean values of the P balT distributions with
P daT for the calibration sample in the different θjet regions. Solid and
open circles stand for the data and MC, respectively. The plain and
dashed lines are fits of the functional form of Eq. (17) to data and MC
points, respectively. This example is for 1999p-2000 data and RAP-
GAP Monte Carlo.
5.3 Application of the calibration
In a first step all hadrons in jets will be calibrated, jet by jet. As the calibration should be
applied only to clusters, we have to disentangle for each jet hadrons reconstructed from tracks
and from clusters. For each jet we can define the fraction of P jetT carried by clusters before
calibration Ccls as
Ccls =
P uncalibrated clustersT
P tracksT + P
uncalibrated clusters
T
. (18)
The fraction of P jetT carried by tracks is the complement (1−Ccls). Note that here the fraction
Ccls is an approximation because it is determined before any calibration of the energy of clus-
ters. If Fptbal is the absolute correction defined in Sec. 5.2 it is easy to see that the correction
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Figure 21: Mean of the P hT /P daT distributions (upper figures) and the
ratio P balT (data)/P balT (MC) (bottom figures) as a function of P daT and
θeh for one jet events, before and after calibrations.
5.4.2 Two and three jets check sample
Especially for cross section measurements of high PT jets, the minimisation of the hadronic
scale uncertainty, and therefore the optimisation of the jet calibration, is necessary. The uncor-
rected and corrected P balT distributions are presented in Fig. 22. Again, after corrections the
data and MC agreement is improved and the absolute momentum balances are centered around
25
Note that all the calibration coefficients determined here are specific both to Hadroo2 and to
the kt jet algorithm.
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Figure 20: P hT /P daT distribution for one jet events, before (left) and af-
ter (right) the application of the jet calibration. The mean and σ values
are obtained using a Gaussian fit to the central part of the distributions.
5.4 Tests of the Calibration
The tests are performed with a much larger event sample, requiring the following set of cuts:
• Good quality selection (High Voltage, Vertex, background finders, etc),
• Q2 ≥ 100 GeV2,
• 1 electron with P eT ≥ 10 GeV,
• P hT /P eT > 0.35,
• Anti ISR cut ∑h,e(E − Pz) > 42 GeV,
• θjet > 7◦, this ensures that the jets are well contained in the calorimeter acceptance.
Now a total E−Pz cut is allowed to reduce the effect of ISR. This different set of cuts will
allow to check that the method does not depend on the selection used for the determination of
the coefficients. Different NC DIS event sub-samples containing only one, two and three jets
will be used for the tests. The two and three jets event samples are independent from the events
used for the calibration and therefore provide good tests.
5.4.1 One jet check sample
First the tests with a one jet check sample are performed on 1999p-2000 data and an NC DIS
Monte Carlo events generated using RAPGAP. The calibrated and uncalibrated P balT distribu-
tions are presented in Fig. 20. The distribution is now centered at one and the width is reduced.
The evolution of the mean values of P balT distributions as a function of P daT and θeh is pre-
sented in Fig. 21. The ratio P balT (data)/P balT (MC) is also shown. It is well described within
2 %.
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Figure 23: Mean of the P hT /P daT distributions (upper figures) and the
ratio P balT (data)/P balT (MC) (bottom figures) as a function of P daT and
θeh for two jets events.
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Figure 22: P hT /P daT distributions for two (upper figures) and three (bot-
tom figures) jets events, before (left) and after (right) the application of
the jet calibration. The mean and σ values are obtained using a Gaus-
sian fit to the central part of the distributions.
one. The mean values of P balT are displayed on Figs. 23 and 24 as a function of P daT and θeh for
two and three jet events.
The results obtained with a two jet sample show that the overall PT balance is centered
around 1.0 and that the systematic shift does not exceed 2 %. We can observe that the absolute
hadronic scale is obtained within 2 % after coorection, for the data and the MC. The systematic
uncertainties are also of the order of 2 % in all the P daT and θeh ranges.
5.4.3 Inclusive check sample
With the inclusive check samples which has a larger statistics, the calibration can be tested as
a function of P daT and θ at the same time. The mean values of corrected and uncorrected P balT
distributions as a function of P daT and θeh are presented in Fig. 25. This example shows, on data
event only, the effect of the jet calibrations. We can observe that after correction the absolute
hadronic energy scale is well obtained within 2 %. The effect of the jet calibrations on the
agreement between data and MC P balT distributions is displayed in Fig. 26. One can see that
again after having applied the calibration, the systematic error is well contained within 2 % in
all P daT bins of each θ region.
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Figure 25: Evolution of the mean values of the P balT distributions for
data with P daT for the inclusive check sample in the different θeh regions,
before (open circles) and after (solid circles) application of the calibra-
tion. This example is for 1999p-2000 data.
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Figure 24: Mean of the P hT /P daT distributions (upper figures) and the
ratio P balT (data)/P balT (MC) (bottom figures) as a function of P daT and
θeh for three jets events.
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5.5 Resolution improvements
Using the inclusive check sample, we can verify the effect of the hadronic calibrations on the
resolution of the P hT measurement. The evolution of the relative resolutions σ(P balT )/P balT as a
function of θeh and P daT is presented in Fig. 27. The resolutions are calculated before and after
the application of the jet calibration. In general, the relative resolutions are improved by the
calibrations.
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Figure 27: Evolution of the relative resolutions, calculated before and
after applying the jet calibrations, as a function of θeh (left) and P daT
(right). The effect on data and MC is presented in upper and bottom
figures, respectively.
5.6 Practical implementation in analysis: how to use it ?
This section will be devoted to give an example of the use of the actual jet calibration available
in the H1JetCalibration package into an H1OO analysis. Indeed the reconstructed hadrons and
jets available on µODS are not presently calibrated and each user has to apply by itself the jet
calibration in his own analysis. We should here stress that this calibration was only developed
for high PT jets (greater than 10 GeV) and high Q2 inclusive analyses (Q2 > 100 GeV2) and it
can not be guaranteed that this calibration is working also on low Q2 events.
The jet calibrations should first be initialised at the beginning of your job (before entering
in the event loop) using:
H1JetCalibration* JetCalib = new H1JetCalibration;
JetCalib->InitHadroo2KtJetCalibration((int)RunYear,
(int)RunType);
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Figure 26: Evolution of the agreement between data and MC P balT dis-
tributions with P daT for the inclusive check sample in the different θeh
regions. This example is for 1999p-2000 data and RAPGAP Monte
Carlo.
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as well as the kinematic variables from the double angle method:
Q2da = 4*pow(GenPl,2)*sin(Gammah)*(1+TMath::Cos(The))
/(TMath::Sin(Gammah)+TMath::Sin(The)-TMath::Sin(Gammah+The));
xda = (GenPl/GenPp)*(TMath::Sin(Gammah)+TMath::Sin(The)
+TMath::Sin(Gammah+The))/(TMath::Sin(Gammah)+TMath::Sin(The)
-TMath::Sin(Gammah+The));
yda = Q2da / (xda*GenS);
Ptda = 2*GenPl/(TMath::Tan(The/2)+((Eh-Pzh)/Pth));
Eda = 2*GenPl*sin(Gammah)/(sin(Gammah)+sin(The)-sin(Gammah+The));
where The is the polar angle of the scattered electron and GenPl = 27.598 and GenPp =
919.971 the energies of the incoming lepton and proton beams, respectively.
6 Conclusion
Along this note the motivations and details implemented in the actual Hadroo2 HFS finder have
been described. Firstly the distortion in the measurement of the kinematic variables in the low
y region was investigated. Inspired by previous FORTRAN implementations, dedicated noise
suppression algorithm have been implemented into Hadroo2 to correct this distortion. Detailed
checks have shown that these algorithms are working properly and that no signal important
to exclusive analyses is suppressed. In a second part, details of the Hadroo2 algorithm and
the way track and clusters measurements are chosen and combined were explained. Results
of comparisons of Hadroo2 with other HFS reconstruction algorithms were presented. They
show that Hadroo2 improves effectively the HFS reconstruction and the resolution, especially
in the high PT domain. Finally, the method of jet calibration available in H1JetCalibration was
presented. This calibration is applicable for any event samples provided the transverse momen-
tum of either the scattered electron or the hadronic system is larger than 10 GeV. It is available
for all running periods, from 1994 to 2004 and checks have shown that the absolute hadronic
scale is reached within 2 % and that the systematic errors are of the order of 2 %. Concerning
future developments of the HFS reconstruction, it was shown that the application of the new
weighting scheme presented in [7, 8] can help for additional improvement of the resolution.
Work is also ongoing to extend the actual hadronic calibrations to all events, including low Q2
ones and to apply it directly to each µODS hadron.
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The RunType has to be 0 for data and 1 for MC. The available run periods for RunYear are
defined as 96-97 = 3, 98-99 = 4 , 99-00 = 5 and 03-04 = 7.
Then inside the event loop, each event has to be calibrated by calling:
Int_t nJets=ModsPartJet.GetEntries();
Float_t fPthCalib=0;
Float_t fGammahCalib=0;
Float_t fEmpzhCalib=0;
TLorentzVector* jetscal= new TLorentzVector[nJets];
TLorentzVector HadCalTotVec=
JetCalib->GetHadroo2KtJetCalibration(fPthCalib,
fGammahCalib,fEmpzhCalib,jetscal);
delete [] jetscal; //--- after having used it
where HadCalTotVec is the four-vector of the calibrated hadronic final state, fPthCalib
the calibrated P hT , fGammahCalib is θh after calibration and fEmpzhCalib the E − Pz
of the hadronic system. The calibrated four-vectors of all jets in the events are provided in the
array jetscal (note that the user has to take care of deleting properly this array).
The totalE−Pz and missing transverse momentum PmissT of the event (Epz and Ptmiss,
respectively) can be re-calculated by adding all isolated identified electrons and muons to the
total HFS four-vector with:
TLorentzVector TotalVec=HadCalTotVec;
H1PartEmArrayPtr ModsPartEm;
H1PartMuonArrayPtr ModsPartMuon;
for(Int_t i=0;i<ModsPartEm->GetEntries();i++){
if(ModsPartEm[i]->IsIsolatedLepton())
TotalVec+=ModsPartEm[i]->GetFourVector();
}
for(Int_t i=0;i<ModsPartMuon->GetEntries();i++){
if(ModsPartMuon[i]->IsIsolatedLepton())
TotalVec+=ModsPartMuon[i]->GetFourVector();
}
Float_t Epz=TotalVec.E()-TotalVec.Pz();
Float_t Ptmiss=TotalVec.Pt();
The hadronic kinematic variables can be also re-calculated:
Eh = HadTotVec.E();
Pzh = HadTotVec.Pz();
Pth = HadTotVec.Pt();
Phh = HadTotVec.Phi();
if (Pth>0) Thh = 2*TMath::ATan((Eh-Pzh)/Pth);
Gammah = Thh;
yh = (Eh-Pzh)/(2*GenPl);
Q2h = (Pth*Pth)/(1-yh);
if(yh!=0) xh = Q2h/(yh*GenS);
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W2 and xW3 for e+p scattering may be expressed as the sum and difference of the quark and
anti-quark momentum distributions, xq(x, Q2) and xq(x,Q2):
W2 = x( u+ c + d+ s) , (2)
xW3 = x(−u− c+ d+ s) . (3)
The total cross section, σtotCC, is defined as the integrated cross section in the kinematic region
Q2 > 400GeV2 and y < 0.9. From Eq.(1) it can be seen that the cross section has a linear
dependence on the polarisation of the positron beam Pe. For a fully left handed positron beam,
Pe = −1, the cross section is identically zero in the Standard Model.
3 Experimental Technique
At HERA transverse polarisation of the positron beam arises naturally through synchrotron
radiation via the Sokolov-Ternov effect [8]. In 2000 a pair of spin rotators was installed in
the beamline on either side of the H1 detector, allowing transversely polarised positrons to be
rotated into longitudinally polarised states and back again. The degree of polarisation is con-
stant around the HERA ring and is continuously measured using two independent polarimeters
LPOL [9] and TPOL [10]. The polarimeters are situated in beamline sections in which the beam
leptons have longitudinal and transverse polarisations respectively. Both measurements rely on
an asymmetry in the energy spectrum of left and right handed circularly polarised photons un-
dergoing Compton scattering with the positron beam. The TPOL measurement uses in addition
a spatial asymmetry. The LPOL polarimeter measurements are used when available and TPOL
measurements otherwise.
The H1 detector components most relevant to this analysis are the liquid argon (LAr) calorime-
ter, which measures the positions and energies of charged and neutral particles over the polar1
angular range 4◦ < θ < 154◦, and the inner tracking detectors, which measure the angles and
momenta of charged particles over the range 7◦ < θ < 165◦. A full description of the detector
can be found in [11].
Simulated DIS events are used in order to determine acceptance corrections. DIS processes are
generated using the DJANGO [12] Monte Carlo (MC) simulation program, which is based on
LEPTO [13] for the hard interaction and HERACLES [14] for single photon emission and vir-
tual EW corrections. LEPTO combines O(αs) matrix elements with higher order QCD effects
using the colour dipole model as implemented in ARIADNE [15]. The JETSET program [16]
is used to simulate the hadronisation process. In the event generation the DIS cross section is
calculated using the H1 PDF 2000 [5] parametrisation for the proton PDFs.
The dominant ep background contribution arises from photoproduction processes. These are
simulated using the PYTHIA [17] MC with leading order PDFs for the proton taken from
CTEQ [18] and for the photon from GRV [19]. Further backgrounds from NC DIS, QED-
Compton scattering, lepton pair production, prompt photon production and heavy gauge boson
(W±, Z0) production are also simulated; their final contribution to the analysis sample is small.
Further details are given in [5].
1The polar angle θ is defined with respect to the positive z axis, the direction of the incident proton beam.
5
1 Introduction
In autumn 2003 the HERA accelerator started operation of the second phase of its ep collider
programme. The e+p data collected by the H1 and ZEUS experiments since then were taken
with a longitudinally polarised positron beam for the first time. Measurements of deep inelas-
tic scattering (DIS) with polarised leptons on protons allow the parton distribution functions
(PDFs) of the proton to be further constrained through polarisation asymmetries [1] and specific
tests of the electroweak (EW) parts of the Standard Model to be performed [2, 3]. In particular,
the measurements presented here extend the tests of the V − A structure of charged current
interactions from low Q2 [4] into the high Q2 regime, where Q2 is the negative four-momentum
transfer squared.
At HERA DIS proceeding via charged currents (CC), ep→ νX , and neutral currents (NC),
ep→ eX , can be measured accurately [5, 6]. The polarisation dependence of the CC and NC
cross sections is fixed within the Standard Model framework. Specifically, the Standard Model
predicts, from the absence of right handed charged currents, that the CC e+p cross section is
directly proportional to the fraction of right handed positrons in the beam.
In this paper first measurements of the charged current total cross sections, σtotCC, are reported
for two values of longitudinal polarisation, Pe = (NR −NL)/(NR +NL), with NR (NL) being
the number of right (left) handed positrons in the beam. The corresponding data sets are termed
the R and L data sets respectively. The R data set has a luminosity weighted mean polarisation
value of (33.6±0.7)% and an integrated luminosity value of 26.9±0.6 pb−1. The corresponding
numbers for theL data set are (−40.2±1.1)% and 20.7±0.5 pb−1. In both data sets the incident
positron beam energy is 27.5GeV, whilst the unpolarised proton beam energy is 920GeV. This
yields a centre-of-mass energy of
√
s = 318GeV.
The measurements presented here, as well as the corresponding one obtained using the pub-
lished unpolarised data, are compared to Standard Model expectations and a linear fit to σtotCC as
a function of Pe is performed. The result of the fit is used to derive a cross section for a fully
left handed positron beam corresponding to Pe = −1.
2 Charged Current Cross Section
The measured double differential CC cross section for collisions of polarised positrons with
unpolarised protons, corrected for QED radiative effects, may be expressed as
d2σCC
dxdQ2
= (1 + Pe)
G2F
4πx
[
M2W
M2W +Q
2
]2 (
Y+W2 − Y−xW3 − y2WL
) · (1 + δCCweak) , (1)
where x is the Bjorken x variable and y characterises the inelasticity of the interaction. The
Fermi constant GF is defined [7] using the weak boson masses. Other quantities in Eq.(1)
include MW , the mass of the W boson, W2, xW3 and WL, CC structure functions, and δCCweak,
the weak radiative corrections. The helicity dependences of the weak interaction are contained
in Y± = 1± (1−y)2. In the quark parton model (QPM), where WL ≡ 0, the structure functions
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subtracted statistically from the CC data sample. Non-ep background is rejected by searching
for typical cosmic ray and beam-induced background event topologies [21, 23, 24]. The final R
(L) CC data sample amounts to ≃ 700 (≃ 200) events.
The PT ,h and Eh − pz,h distributions of the selected events are shown in Fig. 1a,b for the R
sample and in Fig. 1c,d for the L sample. The simulation provides a good description of the
data. The contribution of background photoproduction processes is small and has the largest
influence at low PT,h.
Events with Q2h > 400GeV2 are used to measure the cross sections, which correspond to the
kinematic region Q2 > 400GeV2 and y < 0.9 and thus are corrected for the effects of the
analysis cuts. The correction factor is calculated to be 1.067 using the H1 PDF 2000 parametri-
sation.
The systematic uncertainties on the cross section measurements are discussed briefly below
(see [21, 23, 24] and references therein for more details). Positive and negative variations of
one standard deviation of each error source are found to yield errors which are symmetric to a
good approximation. The systematic uncertainties of each source are taken to be fully correlated
between the cross section measurements unless stated otherwise.
• An uncertainty of 2% is assigned to the hadronic energy measured in the LAr calorimeter,
of which 1% is considered as a correlated component to the uncertainty. This results in a
total uncertainty of 1.3% on the cross section measurements.
• A 10% uncertainty is assigned to the amount of energy in the LAr calorimeter attributed to
noise, which gives rise to a systematic error of 0.3% on the cross section measurements.
• The variation of cuts against photoproduction on Vap/Vp and PT,h has an effect on the
cross sections of 0.6%.
• A 30% uncertainty on the subtracted ep background is determined from a comparison of
data and simulation after relaxing the anti-photoproduction cuts, such that the sample is
dominated by photoproduction events. This results in a systematic error of 0.5% (1%) on
the cross section of the R (L) data.
• The non-ep background finders introduce an inefficiency for CC events. The associated
uncertainty is estimated using pseudo-CC data and found to depend on y. An uncertainty
of 2% is applied for y < 0.1 and 1% for y > 0.1. This yields an uncertainty of 1% on the
cross section measurements.
• A y-dependent error is assigned to the vertex finding efficiency: 15% for y < 0.06, 7% for
0.06 < y < 0.1, 4% for 0.1 < y < 0.2 and 1% for y > 0.2. This efficiency is estimated
using pseudo-CC data yielding an uncertainty of 2.4% on the cross section measurements.
• An uncertainty of 0.5% accounts for the dependence of the acceptance correction on the
PDFs used in the MC simulation.
• A 1.8% uncertainty on the trigger efficiency is determined based on the pseudo-CC data
sample. The uncorrelated component of this uncertainty is 1%.
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The detector response to events produced by the generation programs is simulated in detail
using a program based on GEANT [20]. These simulated events are then subjected to the same
reconstruction and analysis chain as the data.
The selection of CC interactions follows closely that of the previously published analysis of
unpolarised data from H1 [5] and is briefly described below. The CC events are characterised
as having large unbalanced transverse momentum, PT,h, attributed to the undetected neutrino.
The quantity PT,h is determined from PT,h =
√
(
∑
i px,i)
2 + (
∑
i py,i)
2
, where the summation
is performed over all particles of the hadronic final state. The hadronic final state particles
are reconstructed using a combination of tracks and calorimeter deposits in an energy flow
algorithm that avoids double counting [21].
The CC kinematic quantities are determined from the hadonic final state [22] using the relations
yh =
Eh − pz,h
2 Ee
, Q2h =
P 2T,h
1− yh , xh =
Q2h
s yh
, (4)
where Eh − pz,h ≡
∑
i(Ei − pz,i) and Ee is the incident positron beam energy.
NC interactions are also studied as they provide an accurate and high statistics data sample
with which to check the detector response. The selection of NC interactions is based mainly
on the requirement of an identified scattered positron in the LAr calorimeter, with an energy
E ′e > 11GeV. The NC sample is used to carry out an in-situ calibration of the electromagnetic
and hadronic energy scales of the LAr calorimeter using the method described in [5]. The
hadronic calibration procedure is based on the balance of the transverse energy of the positrons
with that of the hadronic final state. The calibration procedure gives good agreement between
data and simulation within an estimated uncertainty of 2%.
In addition, NC events are used for studies of systematic uncertainties in the charged current
analysis. The data are processed such that all information from the scattered positron is sup-
pressed, providing the so-called pseudo-CC sample [21, 23, 24]. This sample mimics CC inter-
actions allowing trigger and selection efficiencies to be checked with high statistical precision
and independently of the MC simulation.
4 Measurement Procedure
Candidate CC interactions are selected by requiring PT,h > 12GeV and a reconstructed vertex
within 35 cm in z of the nominal interaction point. In order to ensure high efficiency of the
trigger and good kinematic resolution the analysis is further restricted to the domain of 0.03 <
yh < 0.85. The ep background is dominantly due to photoproduction events, in which the
scattered positron escapes undetected in the backward direction and transverse momentum is
missing due to fluctuations in the detector response or undetected particles. This background
is suppressed exploiting the correlation between PT,h and the ratio Vap/Vp of transverse energy
flow anti-parallel and parallel to the hadronic final state transverse momentum vector [21, 23,
24]. The suppression cuts are different for the R and L data sets as the relative photoproduction
contributions differ in the two samples. The residual ep background is negligible for most of
the measured kinematic domain. The simulation is used to estimate this contribution, which is
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where the quoted errors correspond to the statistical (stat), experimental (sys) and polarisation-
related (pol) systematic uncertainties. This extrapolated cross section is consistent with the
Standard Model prediction of a vanishing cross section and corresponds to an upper limit on
σtotCC(Pe = −1) of 1.9 pb at 95% confidence level (CL), as derived according to [26]. This result
excludes the existence of charged currents involving right handed fermions mediated by a boson
of mass below 208GeV at 95%CL, assuming Standard Model couplings and a massless right
handed νe.
It is also possible to fit the measured cross sections by constraining the cross section at Pe = −1
to zero. This yields a cross section at Pe = 0 of 27.5± 0.6stat ± 0.9sys pb with a χ2/dof = 3.5
and a negligible error due to the uncertainty on the polarisation measurement. The fitted value
agrees well with the Standard Model expectation of 26.3± 0.4 pb.
6 Summary
The first measurement has been performed of polarised e+p total charged current cross sections
in the kinematic region of Q2 > 400GeV2 and y < 0.9. The results presented here are based
on data collected from collisions of unpolarised protons with unpolarised positrons and, for the
first time, with longitudinal polarised positrons in left and right helicity states. The polarisation
dependence of the charged current cross section has thus been established at HERA, extending
previous tests of the chiral structure of the charged current interaction into the region of large,
space-like Q2. The data are found to be consistent with the absence of right handed charged
currents as predicted by the Standard Model.
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• An error of 0.8% is estimated for the QED radiative corrections. This accounts for missing
contributions in the simulation of the lowest order QED effects and for the uncertainty on
the higher order QED and EW corrections.
• In addition, there is a global uncertainty of 1.3% on the luminosity measurement for both
the R and L data samples, of which 0.5% is considered as correlated.
The total systematic error is formed by adding the individual uncertainties in quadrature and
amounts to about 4% on the cross section measurements.
The polarisation measurements have a relative uncertainty of 3.5% for the TPOL [25] and 1.6%
for the LPOL [9] polarimeter and yield an absolute uncertainty on the mean polarisation of
±0.7% for the R sample and ±1.1% for the L sample. These are not included in the total
systematic error on the cross section measurements, but are considered as independent uncer-
tainties in a linear fit to the data.
5 Results
The measured integrated CC cross sections are quoted in the range Q2 > 400GeV2 and y < 0.9
and are given in Table 1 and shown in Fig. 2. The measurement of the unpolarised total cross
section in the same phase space based on 65.2 pb−1 of data collected in 1999 and 2000 is also
given. This measurement follows identically the procedure described in [5] but with the Q2
cut adopted in this analysis. The systematic uncertainties of this unpolarised measurement are
taken to be the same as in [5], with the exception of the QED radiative correction uncertainty,
which has been reduced from 3% to 0.8%. The measurements are compared to expectations of
the Standard Model using the H1 PDF 2000 parametrisation. The uncertainty on the Standard
Model expectations combines the uncertainties from experimental data used in the H1 PDF
2000 fit as well as model uncertainties [5].
Pe (%) σ
tot
CC (pb) SM expectation (pb)
+33.6 35.6± 1.5stat ± 1.4sys 35.1± 0.6
0.0 28.4± 0.8stat ± 0.8sys 26.3± 0.4
−40.2 13.9± 1.1stat ± 0.6sys 15.7± 0.3
Table 1: Measured cross section values for σtotCC(e+p→ νX) in the region Q2 > 400GeV2 and
y < 0.9 compared to the Standard Model (SM) expectation.
A linear fit to the polarisation dependence of the measured cross sections is performed taking
into account the correlated systematic uncertainties between the measurements and is shown in
Fig. 2. The fit provides a reasonable description of the data with a χ2 = 4.4 for one degree of
freedom (dof). The result of the fit extrapolated to the point Pe = −1 yields a fully left handed
charged current cross section of
σtotCC(Pe = −1) = −3.9± 2.3stat ± 0.7sys ± 0.8pol pb , (5)
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Figure 2: The dependence of the e+p CC cross section on the lepton beam polarisation Pe. The
inner and outer error bars represent respectively the statistical and total errors. The uncertainties
on the polarisation measurement are smaller than the symbol size. The data are compared to
the Standard Model prediction based on the H1 PDF 2000 parametrisation (dark shaded band).
The light shaded band corresponds to the resulting one-sigma contour of a linear fit to the data
shown as the central line.
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section dσ/dt is also extracted. The data were recorded in the years 2005 and 2006 with the
H1 detector when HERA collided protons of 920 GeV energy with 27.6 GeV electrons. The
sample corresponds to an integrated luminosity of 145 pb−1, four times larger than the previ-
ous H1 measurement [8] of DVCS in positron-proton collisions. The measurement is carried
out in the kinematic range 6.5 < Q2 < 80 GeV2, 30 < W < 140 GeV and |t| < 1 GeV2.
The t-dependence of the DVCS cross section, dσ/dt, is found to be well approximated by an
exponential form e−b|t|; this parametrisation is used throughout the paper. The Q2 and W de-
pendences of b are studied. A parametrisation of the observed Q2 dependence of b is used to
constrain the normalisation of the pQCD predictions based on GPDs. The validity of the skewed
evolution equations is tested. The geometric scaling property of DVCS is also investigated and
the cross section is compared with dipole model predictions. The scaling property is studied for
the first time for different values of t.
2 Experimental Conditions and Monte Carlo Simulation
A detailed description of the H1 detector can be found in [19]. Here, only the detector compo-
nents relevant for the present analysis are described. H1 uses a right-handed coordinate system
with the z axis along the beam direction, the +z or “forward” direction being that of the outgo-
ing proton beam. The polar angle θ is defined with respect to the z axis and the pseudo-rapidity
is given by η = − ln tan θ/2. The SpaCal [20], a lead scintillating fibre calorimeter, covers
the backward region (153◦ < θ < 176◦). Its energy resolution for electromagnetic showers
is σ(E)/E ≃ 7.1%/√E/GeV ⊕ 1%. The liquid argon (LAr) calorimeter (4◦ ≤ θ ≤ 154◦)
is situated inside a solenoidal magnet. The energy resolution for electromagnetic showers is
σ(E)/E ≃ 11%/
√
E/GeV as obtained from test beam measurements [21]. The main compo-
nent of the central tracking detector is the central jet chamber CJC (20◦ < θ < 160◦) which
consists of two coaxial cylindrical drift chambers with wires parallel to the beam direction.
The measurement of charged particle transverse momenta is performed in a magnetic field of
1.16 T, which is uniform over the full tracker volume. The innermost proportional chamber
CIP (9◦ < θ < 171◦) is used in this analysis to complement the CJC in the backward region
for the reconstruction of the interaction vertex. The forward muon detector (FMD) consists of
a series of drift chambers covering the range 1.9 < η < 3.7. Primary particles produced at
larger η can be detected indirectly in the FMD if they undergo a secondary scattering with the
beam pipe or other adjacent material. Therefore, the FMD is used in this analysis to provide
an additional veto against inelastic or proton dissociative events. The luminosity is determined
from the rate of Bethe-Heitler processes measured using a calorimeter located close to the beam
pipe at z = −103 m in the backward direction.
A dedicated event trigger was set up for this analysis. It is based on topological and neural
network algorithms and uses correlations between electromagnetic energy deposits of electrons
or photons in both the LAr and the SpaCal [26]. The combined trigger efficiency is close to
100%.
Monte Carlo (MC) simulations are used to estimate the background contributions and the
corrections that must be applied to the data to account for the finite acceptance and the resolution
of the detectors. Elastic DVCS events in ep collisions are generated using the Monte Carlo
5
1 Introduction
Measurements of inclusive deep-inelastic scattering (DIS) of leptons and nucleons allow the
extraction of Parton Distribution Functions (PDFs) which describe the fraction of the longitudi-
nal momentum of the nucleon carried by the quarks, anti-quarks and gluons. A shortfall of this
approach is that the PDFs contain information neither on the correlations between partons nor
on their transverse distributions. This missing information can be provided by measurements
of processes in which the nucleon remains intact and the four momentum transfer squared at
the nucleon vertex, t, is non-zero [1–6]. The simplest such reaction is deeply virtual Comp-
ton scattering (DVCS), the diffractive scattering of a virtual photon off a proton γ∗p → γp.
In high energy electron-proton collisions at HERA, DVCS is accessed through the reaction
ep → eγp [7–9]. This reaction also receives a contribution from the purely electromagnetic
Bethe-Heitler (BH) process, where the photon is emitted from the electron. The BH cross sec-
tion is precisely calculable in QED and can be subtracted from the total process rate to extract
the DVCS cross section.
Perturbative QCD calculations assume that the DVCS reaction involves two partons in the
proton which carry different longitudinal and transverse momenta. The difference in longitudi-
nal momentum of the two involved partons, also called skewing, is a consequence of the mass
difference between the incoming virtual photon and the outgoing real photon. The skewing can
be described by introducing generalised parton distributions (GPDs) [1–5], which are functions
of the two unequal momenta and thus encode information on the longitudinal momentum cor-
relations of partons. Information on the transverse momentum of partons is incorporated in the
t-dependence of GPDs [2–5]. The t-dependent functions follow particular equations for their
evolution as a function of the four momentum transfer squared Q2 of the exchanged virtual
photon [3–5]. These evolution equations still need to be tested.
The DVCS cross section can also be interpreted within the dipole model [10–12]. In this
picture the virtual photon fluctuates into a colour singlet qq¯ pair (or dipole) of a transverse size
r ∼ 1/Q, which subsequently undergoes hard scattering with the gluons in the proton [13].
At very small values of the Bjorken scaling variable x the saturation regime of QCD can be
reached. In this domain, the gluon density in the proton is so large that non-linear effects
like gluon recombination tame its growth. In the dipole model approach, the transition to the
saturation regime is characterised by the so-called saturation scale parametrised here asQs(x) =
Q0(x0/x)
−λ/2
, where Q0, x0 and λ are parameters [14]. The transition to saturation occurs
when Q becomes comparable to Qs(x). An important feature of dipole models that incorporate
saturation is that the total cross section can be expressed as a function of the single variable τ :
σγ
∗p
tot (x,Q
2) = σγ
∗p
tot (τ), with τ =
Q2
Q2s(x)
. (1)
This property, called geometric scaling, has already been observed to hold for the total ep DIS
cross section [15,16] as well as in DIS on nuclear targets [17] and in diffractive processes [12].
It has also recently been addressed in the context of exclusive processes including DVCS [12]
and extended to cases with non-zero momentum transfer to the proton [18].
This paper presents a new measurement of single and double differential DVCS cross sec-
tions as a function of Q2 and the γ∗p centre-of-mass energy W . The single differential cross
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Contamination from processes with low multiplicity π0 production was also investigated and
found to be negligible.
The reconstruction method for the kinematic variables Q2, x and W relies on the measured
polar angles of the final state electron and photon (double angle method) [8]. The variable t is
approximated by the negative square of the transverse momentum of the outgoing proton. The
latter is computed from the vector sum of the transverse momenta of the final state photon ~PTγ
and of the scattered electron ~PTe : t ≃ −|~PTγ + ~PTe|2 . The resolution of the t reconstruction lies
in the range 0.08 to 0.22 GeV2.
Distributions of selected kinematic variables are presented in figure 1 for the analysis sam-
ple. The MC expectations of the different processes are also displayed. Each source is nor-
malised to the data luminosity. A good description of the shape and normalisation of the mea-
sured distributions is observed.
4 Cross Section Determination and Systematic Uncertainties
The DVCS and BH contributions dominate in the analysis phase space. In addition, an interfer-
ence term contributes to the cross section due to the identical final states of both processes. In
the leading twist approximation, the main contribution resulting from the interference of the BH
and DVCS processes is proportional to the cosine of the azimuthal angle of the photon1 [1,27].
Since the present measurement is integrated over this angle, the contribution of the interference
term is estimated to be small (below 1%). The DVCS cross section, γ∗p → γp, is evaluated in
each bin i with the bin centre values Q2i ,Wi, ti, from the total number Nobsi of data events in the
analysis sample using the expression
σDV CS(Q
2
i ,Wi, ti) =
(Nobsi −NBHi −Np−dissi )
NDVCSi
· σthDV CS(Q2i ,Wi, ti). (2)
The other numbers in this equation are calculated using the MC simulations described in sec-
tion 2. NBHi denotes the number of BH events (elastic and inelastic) reconstructed in bin i,
Np−dissi the number of inelastic DVCS background events, NDVCSi the number of DVCS events
computed from the elastic DVCS MC and σthDV CS is the theoretical DVCS cross section used
for the generation of DVCS MC events. The measured cross section is thus directly corrected
for detector inefficiencies and acceptances and is expressed at each bin centre value.
The mean value of the acceptance, defined as the number of MC events reconstructed in a
bin divided by the number of events generated in the same bin, is 45% over the whole kinematic
range and reaches 78% for the highest t bin. The systematic errors of the measured DVCS cross
section are determined by repeating the analysis after applying to the MC appropriate varia-
tions for each systematic source. The main contribution comes from the acceptance correction
factors calculated by varying the t-slope parameter set in the elastic DVCS MC by ±8%. The
uncertainty on the number of elastic DVCS events lost by the application of the FMD veto is
1The azimuthal angle of the photon is defined in the proton rest frame as the angle between the plane formed
by the incoming and scattered electron and that formed by the virtual photon and the scattered proton.
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generator MILOU [22], based on the cross section calculation from [23] and using a t-slope
parameter b = 5.45 GeV−2, as determined in this analysis (see section 5.1). Inelastic DVCS
events in which the proton dissociates into a baryonic system Y are also simulated with MILOU
setting the t-slope bpdiss to 1.2 GeV−2, as determined in a dedicated study (see section 3). The
Monte Carlo program COMPTON 2.0 [24] is used to simulate elastic and inelastic BH events.
The background source of diffractive meson events is simulated using the DIFFVM Monte
Carlo [25]. All generated events are passed through a detailed simulation of the H1 detector
and are subject to the same reconstruction and analysis chain as the data.
3 Event Selection
In elastic DVCS events, the scattered electron and the photon are the only particles that should
give signals in the detector [8]. The scattered proton escapes undetected through the beam pipe.
The selection of the analysis event sample requires the scattered electron to be detected in the
SpaCal and the photon in the LAr. The energy of the scattered electron candidate must be
greater than 15 GeV. The photon is required to have a transverse momentum PT above 2 GeV
and a polar angle between 25◦ and 145◦. Events are selected if there are either no tracks at
all or a single central track which is associated with the scattered electron. In order to reject
inelastic and proton dissociation events, no further energy deposit in the LAr calorimeter larger
than 1 GeV is allowed and no activity above the noise level should be present in the FMD.
The influence of QED radiative corrections is reduced by the requirement that the longitudinal
momentum balance E − Pz be greater than 45 GeV. Here, E denotes the energy and Pz the
momentum along the beam axis of all measured final state particles. To enhance the DVCS
signal with respect to the BH contribution and to ensure a large acceptance, the kinematic
domain is restricted to 6.5 < Q2 < 80 GeV2 and 30 < W < 140 GeV.
The selected analysis sample contains 2538 events. It is dominated by elastic DVCS events,
but also contains contributions from the elastic BH process and from the BH and DVCS pro-
cesses with proton dissociation, e−p → e−γY , where the baryonic system Y of mass MY is
undetected. These background contributions are studied in further detail. A control sample of
BH events is selected. For this sample, it is required that the electron be detected in the LAr and
the photon in the SpaCal (see [8] for more details). The COMPTON MC describes accurately
the normalisation and the shapes of the distributions of the kinematic variables for these events.
The deviations are within 3%, and this value is used subsequently as an estimate for the sys-
tematic uncertainty on this contribution. A second control sample dominated by inelastic BH
and DVCS processes is obtained by selecting events with a signal in the FMD. After subtract-
ing the inelastic BH contribution, as estimated from the COMPTON MC, this sample allows
the normalisation of the inelastic DVCS process to be determined. Within the model used in
MILOU [22], the normalisation of the inelastic contribution is directly related to the exponential
t-slope parameter. The measured event yield corresponds to an exponential t distribution with
a slope of 1.2 GeV−2 which is subsequently used in the simulation of inelastic DVCS events.
The corresponding contribution of proton dissociation in the analysis event sample is found to
be 16± 5%. Other backgrounds from diffractive ω and φ production with decay modes to final
states including photons are estimated to be negligible in the kinematic range of the analysis.
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< r2T > = 0.65 ± 0.02 fm. It corresponds to the transverse extension of partons, dominated
by sea quarks and gluons for an average value x = 1.2 10−3, in the plane perpendicular to the
direction of motion of the proton. This value is related to the size of the core of the proton with
no account of the peripheral soft structure.
5.2 QCD Interpretation in Terms of GPDs
The determination of b(Q2) described above can be used to study the Q2 evolution of the GPDs.
The DVCS cross section integrated over the momentum transfer t can be written [23] as
σDV CS(Q
2,W ) ≡ [ ImA(γ
∗p→ γp)t=0(Q2,W )]2 (1 + ρ2)
16π b(Q2,W )
, (4)
where ImA(γ∗p→ γp)t=0(Q2,W ) is the imaginary part of the γ∗p→ γp scattering amplitude
at t = 0 and ρ2 is a small correction due to the real part of the amplitude. In the following, ρ
is determined from dispersion relations [11] to be ρ = tan(π
2
ω(Q2)). The coefficient ω(Q2)
describes the power governing the W dependence of DVCS at a given Q2. It is taken from the
corresponding power of the rapid rise of the proton structure function F2 at low x (F2 ∼ x−ω)
[31], assuming that it is sufficiently close to the one in DVCS. In the GPD formalism, the
amplitude A(γ∗p → γp)t=0 is directly proportional to the GPDs. As shown in the previous
section, the Q2 dependence of the t-slope b is non-negligible. Therefore, the Q2 evolution of
the GPDs themselves is accessed by removing this variation of b(Q2). For this purpose, the
dimensionless observable S is defined as
S =
√
σDV CS Q4 b(Q2)
(1 + ρ2)
. (5)
Using the parametrisation (3) for b(Q2), S is then calculated for each Q2 bin from the cross sec-
tion measurements of this analysis (table 1) and from those of the previous H1 publication [8].
The uncertainties on the parameters A and B of (3) are directly propagated to determine the
error on b(Q2) at any given Q2 value. The results for S are presented in figure 5(a) together
with the prediction of a GPD model [30], based on the PDFs parametrisation given in [32]. It is
observed that the pQCD skewed evolution equations [3–5] provide a reasonable description of
the measured weak rise of S with Q2.
The magnitude of the skewing effects present in the DVCS process can be extracted by
constructing the ratio of the imaginary parts of the DVCS and DIS amplitudes. At leading order
in αs, this ratio R ≡ ImA (γ∗p→ γp)t=0/ImA (γ∗p→ γ∗p)t=0 is equal to the ratio of the
GPDs to the PDFs. The virtual photon is assumed to be mainly transversely polarised in the
case of the DVCS process due to the real photon in the final state and therefore has to be taken
as transversely polarised in the DIS amplitude too. The expression for R as a function of the
measured observables can be written as
R =
4
√
π σDV CS b(Q2)
σT (γ∗ p→ X)
√
(1 + ρ2)
=
√
σDV CS Q4 b(Q2)√
π3 αEMFT (x,Q2)
√
(1 + ρ2)
, (6)
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modelled by a 4% variation of the FMD efficiency. Both error sources together result in an er-
ror of 10% on the measured elastic DVCS cross section. The uncertainty related to the inelastic
DVCS background is estimated from the variation of its t-slope parameter by 25% around the
nominal value of b = 1.2 GeV−2. The resulting error on the cross section amounts to 5% on
average and reaches 15% at high t. The uncertainties related to trigger efficiency, photon iden-
tification efficiency, radiative corrections and the subtraction of BH background and luminosity
measurement are each in the range of 2 to 4%. The total systematic uncertainty of the cross
section amounts to about 15% and is dominated by correlated errors.
5 Results and Interpretations
5.1 Cross Sections and t-dependence
The complete DVCS sample is used to extract the W dependence of the DVCS cross section
expressed at Q2 = 8 GeV2 as well as the Q2 dependence at W = 82 GeV. The results are
displayed in figure 2 and are in agreement within errors with the previous measurements [8, 9].
The steep rise of the cross section with W is an indication of the presence of a hard underlying
process [28]. The corresponding cross section measurements are shown in table 1.
Next, the W dependence of the DVCS cross section is determined for three separate ranges
of Q2 and shown in figure 3(a). The corresponding cross section measurements are given in
table 2. A fit of the form W δ is performed to the cross section in each Q2 range. Figure 3(b)
presents the δ values obtained as a function of Q2. It is observed that δ is independent of Q2
within the errors. Using the complete analysis sample, the value of δ expressed at Q2 = 8 GeV2
is found to be 0.74 ± 0.11 ± 0.16, where the first error is statistical and the second systematic.
The differential cross section as a function of t is displayed in figures 4(a) and (b) for three
values of Q2 and W , respectively. Fits of the form dσ/dt ∼ e−b|t| are performed taking into
account the statistical and correlated systematic errors; they describe the data well. The derived
t-slope parameters b(Q2) and b(W ) are displayed in figures 4(c) and (d), respectively. The
cross section values and the results for b in each Q2 and W bin are given in table 3. This
analysis extends the study of the evolution of b with Q2 to larger values than in the previous H1
measurement [8]. This Q2 dependence can be parametrised [30] as
b(Q2) = A
(
1− B log(Q2/(2 GeV2))) . (3)
Fitting this function to the measured b values of the present data and to the value obtained at
Q2 = 4 GeV2 in the previous H1 publication [8] yields A = 6.98 ± 0.54 GeV2 and B =
0.12± 0.03. The systematic errors and their point to point correlations were taken into account
in the fit, resulting in a correlation coefficient between A and B of ρAB = 0.92. As shown in
figure 4(c) the fit function provides a good description of the measured b values over the whole
Q2 range. The values of b as a function of W are measured for the first time and shown in
figure 4(d). No significant variation of b with W is observed.
Using the complete analysis sample, the value of b expressed at Q2 = 8 GeV2 is found
to be 5.45 ± 0.19 ± 0.34 GeV−2, where the first error is statistical and the second system-
atic. Following [2, 6], this t-slope value can be converted to an average impact parameter of
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measurement is performed in the kinematic range 6.5 < Q2 < 80 GeV2, 30 < W < 140 GeV
and |t| < 1 GeV2.
The W dependence of the cross section is well described by a function W δ. No significant
variation of the exponent δ as a function of Q2 is observed. For the total sample a value δ =
0.74 ± 0.11 ± 0.16 is determined. The steep rise of the cross section with W indicates a hard
underlying process. The t-dependence of the cross section is well described by the form e−b|t|
with an average slope of b = 5.45± 0.19± 0.34 GeV−2. This value corresponds to a transverse
extension of sea quarks and gluons in the proton of
√
< r2T > = 0.65± 0.02 fm. The t-slopes
are determined for the first time differentially in W with no significant dependence observed.
The study of the Q2 dependence of b is extended to significantly larger Q2 values compared
to previous measurements. The slopes found in the present analysis and in the previous H1
publication are in agreement with a slow decrease of b as a function of Q2.
The measurement of b(Q2) obtained in the present analysis is used to constrain the normal-
isation and Q2 dependence of theoretical predictions based on GPDs. It is found that a GPD
model reproduces well both the DVCS amplitude and its weak rise with Q2. The skewing ef-
fects have been investigated and are found to be large, as expected in GPD models. Another
approach based on a dipole model including saturation effects predicts that the cross section
can be approximated by a function of the single variable, τ = Q2/Q2s(x) where Qs(x) is the
saturation scale. The present measurement of the DVCS cross section is found to be compatible
with such a geometric scaling using the same parameters as derived from inclusive DIS. For the
first time, this scaling property is observed for different values of t.
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dσDV CS/dt
[
nb/GeV2
]
W = 82 GeV
|t| [GeV2] Q2 =8 GeV2 Q2 =15.5 GeV2 Q2 =25 GeV2
0.10 13.1 ± 1.10 ± 1.85 4.37 ± 0.47 ± 0.86 1.41 ± 0.40 ± 0.43
0.30 4.69 ± 0.45 ± 0.55 1.02 ± 0.16 ± 0.18 0.71 ± 0.16 ± 0.08
0.50 1.37 ± 0.21 ± 0.23 0.49 ± 0.08 ± 0.08 0.28 ± 0.07 ± 0.04
0.80 0.19 ± 0.04 ± 0.06 0.12 ± 0.02 ± 0.02 0.04 ± 0.01 ± 0.02
b [GeV−2] 5.84 ± 0.30 ± 0.35 5.16 ± 0.26 ± 0.30 5.09 ± 0.55 ± 0.60
Q2 = 10 GeV2
|t| [GeV2] W = 40 GeV W = 70 GeV W = 100 GeV
0.10 4.99 ± 0.66 ± 0.54 7.78 ± 0.69 ± 0.87 10.9 ± 1.14 ± 2.36
0.30 1.45 ± 0.29 ± 0.18 2.74 ± 0.31 ± 0.30 3.47 ± 0.42 ± 0.53
0.50 0.49 ± 0.14 ± 0.08 0.81 ± 0.14 ± 0.11 1.49 ± 0.21 ± 0.24
0.80 0.12 ± 0.03 ± 0.03 0.19 ± 0.03 ± 0.03 0.19 ± 0.04 ± 0.06
b [GeV−2] 5.40 ± 0.40 ± 0.25 5.34 ± 0.25 ± 0.27 5.48 ± 0.31 ± 0.45
Table 3: The DVCS cross section γ∗p → γp, differential in t, dσDVCS/dt, for three values of
Q2 at W = 82 GeV, and for three values of W at Q2 = 10 GeV2. Results for the corresponding
t-slope parameters b are given. The first errors are statistical, the second systematic.
dσDV CS/dt
[
nb/GeV2
]
Q2 = 8 GeV2
|t| [GeV2] W = 40 GeV W = 70 GeV W = 100 GeV
0.10 8.10 ± 1.22 ± 0.82 10.0 ± 1.30 ± 1.27 16.0 ± 2.11 ± 2.74
0.30 2.30 ± 0.54 ± 0.28 4.35 ± 0.63 ± 0.46 5.45 ± 0.80 ± 0.73
0.50 0.45 ± 0.22 ± 0.10 1.08 ± 0.27 ± 0.17 1.96 ± 0.41 ± 0.35
0.80 0.16 ± 0.06 ± 0.03 0.13 ± 0.06 ± 0.04 0.21 ± 0.09 ± 0.08
Q2 = 20 GeV2
|t| [GeV2] W = 40 GeV W = 70 GeV W = 100 GeV
0.10 1.06 ± 0.28 ± 0.28 2.38 ± 0.29 ± 0.26 2.98 ± 0.49 ± 0.85
0.30 0.33 ± 0.07 ± 0.07 0.67 ± 0.12 ± 0.07 0.89 ± 0.17 ± 0.17
0.50 0.22 ± 0.06 ± 0.06 0.24 ± 0.05 ± 0.03 0.44 ± 0.08 ± 0.08
0.80 0.04 ± 0.01 ± 0.01 0.07 ± 0.01 ± 0.02 0.06 ± 0.02 ± 0.02
Table 4: The DVCS cross section γ∗p → γp, differential in t, dσDVCS/dt, for three values of
W extracted in two Q2 intervals: 6.5 < Q2 < 11 GeV2 and 11 < Q2 < 80 GeV2, corrected to
the central values of Q2 = 8 GeV2 and 20 GeV2, respectively. The first errors are statistical, the
second systematic.
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Q2
[
GeV2
]
σDV CS [nb] W [GeV] σDV CS [nb]
8.75 3.59 ± 0.21 ± 0.41 45 2.91 ± 0.20 ± 0.25
15.5 1.38 ± 0.10 ± 0.21 70 3.96 ± 0.32 ± 0.37
25 0.58 ± 0.09 ± 0.09 90 4.78 ± 0.41 ± 0.57
55 0.13 ± 0.03 ± 0.04 110 5.55 ± 0.57 ± 0.88
130 6.56 ± 1.17 ± 1.77
Table 1: The DVCS cross section γ∗p→ γp, σDV CS , as a function of Q2 for W = 82GeV and
as a function of W for Q2 = 8GeV2 , both for |t| < 1GeV2. The first errors are statistical, the
second systematic.
σDV CS [nb]
W [GeV] Q2 = 8 GeV2 Q2 = 15.5 GeV2 Q2 = 25 GeV2
45 2.60 ± 0.24 ± 0.24 0.94 ± 0.10 ± 0.10 0.35 ± 0.13 ± 0.07
70 3.15 ± 0.40 ± 0.33 1.54 ± 0.17 ± 0.14 0.36 ± 0.10 ± 0.05
90 5.25 ± 0.55 ± 0.55 0.95 ± 0.20 ± 0.17 0.83 ± 0.18 ± 0.09
110 5.11 ± 0.71 ± 0.76 1.69 ± 0.31 ± 0.33 0.90 ± 0.23 ± 0.18
130 5.88 ± 1.89 ± 1.26 2.06 ± 0.51 ± 0.56 0.90 ± 0.36 ± 0.32
Table 2: The DVCS cross section γ∗p → γp, σDV CS , as a function of W for three Q2 values.
The first errors are statistical, the second systematic.
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Figure 2: The DVCS cross section as a function of Q2 at W = 82 GeV (a) and as a function of
W at Q2 = 8 GeV2 (b). The results from the previous H1 and ZEUS publications [8, 9] based
on HERA I data are also displayed. The inner error bars represent the statistical errors, the outer
error bars the statistical and systematic errors added in quadrature.
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Figure 1: Distributions of the energy (a) and polar angle (b) of the scattered electron, the energy
(c) and polar angle (d) of the photon, the electron-photon invariant mass (e) and the proton four
momentum transfer squared |t| (f). The data are compared with Monte Carlo expectations for
elastic DVCS, elastic and inelastic BH and inelastic DVCS (labelled DISS. p). All Monte Carlo
simulations are normalised according to the luminosity of the data. The open histogram shows
the total prediction and the shaded band its estimated uncertainty.
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Figure 4: The DVCS cross section, differential in t, for three values of Q2 expressed at
W = 82 GeV (a) and for three values of W at Q2 = 10 GeV2 (b). The solid lines in (a) and
(b) represent the results of fits of the form e−b|t|. The fitted t-slope parameters b(Q2) are shown
in (c) together with the t-slope parameters from the previous H1 publication [8]. The dashed
curve in (c) represents the result of a fit to the b(Q2) values using a phenomenological function
as described in the text. In (d) the fitted t-slope parameters b(W ) are shown. The dashed line in
(d) corresponds to the average value b = 5.45 GeV−2, obtained from a fit to the complete data
sample of the present measurement. The inner error bars represent the statistical errors and the
outer error bars the statistical and systematic errors added in quadrature.
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Figure 3: The DVCS cross section as a function of W at three values of Q2 (a). The solid lines
represent the results of fits of the form W δ. The fitted values of δ(Q2) are shown in (b). The
inner error bars represent the statistical errors, the outer error bars the statistical and systematic
errors added in quadrature.
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Figure 6: DVCS cross section measurements as a function of the scaling variable τ =
Q2/Q2s(x). In (a) the results are shown for the full t range |t| < 1 GeV2 and in (b) at four
values of t. The cross section measurements from the previous H1 publication [8] are also
shown in (a). The inner error bars indicate the statistical errors, the outer error bars the statis-
tical and systematic errors added in quadrature. The dashed curves represent the predictions of
the dipole model [12, 14].
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Figure 5: The observables S and R (see text), shown as a function of Q2 in (a) and (b), re-
spectively. The results from the previous H1 publication [8] based on HERA I data are also
displayed. The inner error bars represent the statistical errors, the outer error bars the statistical
and systematic errors added in quadrature. The dashed curves show the predictions of the GPD
model [30, 32]. In (b), the dotted curve shows the prediction of a GPD model based on an ap-
proximation where only the kinematical part of the skewing effects are taken into account (see
text).
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residual polarisation of 1% and 5% for e+p and e−p collisions, respectively. Cross section
measurements are carried out in the kinematic range 6.5 < Q2 < 80 GeV2, 30 < W <
140 GeV and |t| < 1 GeV2. The range in x ≃ Q2/W 2 of the present measurement extends
from 5 · 10−4 to 10−2. The cross section measurements of this analysis supersede those of a
previous H1 publication [8], in which less than half of the present HERA II data was used. It is
complementary to measurements performed at lower Q2 using HERA I data [10]. In addition,
using both beam charges, the beam charge asymmetry of the interference between the BH and
DVCS processes is measured for the first time at a collider.
2 Theoretical Framework
In this paper, cross section measurements are compared to predictions based either on GPDs
or on a dipole approach. At the present level of understanding, the pure GPDs approach and
dipole models, based on the proton-dipole amplitude, are not connected. However, in the low
x domain, dipole amplitudes could be used to provide parameterisations for GPDs at a certain
scale [14]. In this context, the DVCS process is interesting as calculations are simplified by the
absence of an unknown vector meson wave function. The GPDs model [6] used here has been
shown to describe previous data. It is based on partial wave expansions of DVCS amplitudes and
is a first attempt to parametrise all GPDs over the full kinematic domain. The dipole model [15],
with a limited number of parameters, describes a large panel of low x measurements at HERA,
from inclusive to exclusive processes. In this model, mainly using the gluon density extracted
from fits to F2 data, the DVCS cross section is computed using a universal dipole amplitude.
For GPDs models, a direct measurement of the real part of the DVCS amplitude is an im-
portant issue, as it gives an increased sensitivity to the parameterisation of the GPDs [2, 6].
Indeed, a calculation of the real part of the DVCS amplitude requires a parametrisation of the
GPDs over the full x range. Considering the large flexibility in GPDs parameterisation, this is
an important quantity to qualify the correct approach with GPDs. In the dipole approach, as
the dipole amplitude refers only to the imaginary part, the magnitude of the real part can be
predicted using a dispersion relation.
In high energy electron-proton collisions at HERA, DVCS and BH processes contribute to
the reaction e±p→ e±γp. The BH cross section is precisely calculable in QED. Since these two
processes have an identical final state, they interfere. The squared photon production amplitude
is then given by
|A|2 = |ABH|
2 + |ADVCS|
2 + ADVCS A
∗
BH
+ A∗
DVCS
ABH︸ ︷︷ ︸
I
, (1)
where ABH is the BH amplitude, ADVCS represents the DVCS amplitude and I denotes the
interference term. In the leading twist approximation, the interference term can be written quite
generally as a linear combination of harmonics of the azimuthal angle φ. As defined in [2], φ is
the angle between the plane containing the incoming and outgoing leptons and the plane formed
by the virtual and real photons. For an unpolarised proton beam and if only the first harmonic
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1 Introduction
Measurements of the deep-inelastic scattering (DIS) of leptons and nucleons allow the extrac-
tion of Parton Distribution Functions (PDFs). While these functions provide crucial input to
perturbative Quantum Chromodynamic (QCD) calculations, they do not provide a complete
picture of the partonic structure of nucleons. In particular, PDFs contain neither information on
the correlations between partons nor on their transverse spatial distribution.
Hard exclusive particle production, without excitation or dissociation of the nucleon, have
emerged in recent years as prime candidates to address these issues [1–7]. Among them, deeply
virtual Compton scattering (DVCS) on the proton (γ∗p → γp) is the simplest. The DVCS
reaction can be regarded as the elastic scattering of the virtual photon off the proton via a
colourless exchange, producing a real photon in the final state. In the Bjorken scaling regime,
corresponding to large virtuality Q2 of the exchanged photon and |t|/Q2 ≪ 1, where t is the
squared momentum transfer at the proton vertex, QCD calculations assume that the exchange
involves two partons in a colourless configuration, having different longitudinal and transverse
momenta. These unequal momenta, or skewing, are a consequence of the mass difference
between the incoming virtual photon and the outgoing real photon and may be interpreted in the
contexts of generalised parton distributions (GPDs) or dipole amplitudes, respectively. In basic
terms, a GPD (off-diagonal parton distribution) is the transition amplitude for removing a parton
from the fast moving proton and reabsorbing it with a different momentum, thereby imparting
a certain momentum transfer to the proton. In the dipole approach the virtual photon fluctuates
into a colour singlet qq¯ pair (or dipole) of a transverse size r ∼ 1/Q, which subsequently
undergoes hard scattering with the gluons in the proton. The t-dependence of the DVCS cross
section carries information on the transverse momentum of partons.
In the kinematic range of the HERA collider, where DVCS is accessed through the reaction
e±p → e±γp [8–12], the DVCS amplitude is mainly imaginary [2], while the change of the
amplitude with energy gives rise to a small real part. This reaction also receives a contribution
from the purely electromagnetic Bethe-Heitler (BH) process, where the photon is emitted from
the electron. The interference between DVCS and BH processes allows the extraction of the
real part of the amplitude. In addition, the real part of the DVCS amplitude can be related to its
imaginary part using dispersion relations. In the high energy limit at low momentum fraction
x, the dispersion relations take a simple form [13] which can therefore be used for the DVCS
process to verify the consistency between measurements of the real and imaginary parts of the
amplitude.
This paper presents a measurement of DVCS cross sections as a function of Q2 and the
γ∗p centre-of-mass energy W . The single differential cross section dσ/dt is also extracted.
The data were recorded with the H1 detector in the years 2004 to 2007, during which period
HERA collided protons of 920 GeV energy with 27.6 GeV electrons and positrons. The total
integrated luminosity of the data is 306 pb−1. The data comprise 162 pb−1 recorded in e+p
and 144 pb−1 in e−p collisions. During this HERA II running period, the electron1 beam was
longitudinally polarised, at a level of typically 35%. For this analysis, the periods with left-
handed and right-handed beams are combined and the analysed data samples have a left-handed
1In this paper the term “electron” is used generically to refer to both electrons and positrons, unless otherwise
stated.
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3 Experimental Conditions and Monte Carlo Simulation
A detailed description of the H1 detector can be found in [17]. Here, only the detector compo-
nents relevant for the present analysis are described. H1 uses a right-handed coordinate system
with the z axis along the beam direction, the +z or “forward” direction being that of the outgo-
ing proton beam. The polar angle θ is defined with respect to the z axis and the pseudo-rapidity
is given by η = − ln tan θ/2.
The SpaCal [18], a lead scintillating fibre calorimeter, covers the backward region (153◦ <
θ < 176◦). Its energy resolution for electromagnetic showers is σ(E)/E ≃ 7.1%/
√
E/GeV⊕
1%. The liquid argon (LAr) calorimeter (4◦ ≤ θ ≤ 154◦) is situated inside a solenoidal
magnet. The energy resolution for electromagnetic showers is σ(E)/E ≃ 11%/
√
E/GeV
as obtained from test beam measurements [19]. The main component of the central track-
ing detector is the central jet chamber CJC (20◦ < θ < 160◦) which consists of two coax-
ial cylindrical drift chambers with wires parallel to the beam direction. The measurement of
charged particle transverse momenta is performed in the magnetic field of 1.16 T, with a res-
olution of σPT /PT = 0.002PT/GeV ⊕ 0.015. The innermost proportional chamber CIP [20]
(9◦ < θ < 171◦) is used in this analysis to complement the CJC in the backward region for
the reconstruction of the interaction vertex. The forward muon detector (FMD) consists of a
series of drift chambers covering the range 1.9 < η < 3.7. Primary particles produced at larger
η can be detected indirectly in the FMD if they undergo a secondary scattering with the beam
pipe or other adjacent material. Therefore, the FMD is used in this analysis to provide an ad-
ditional veto against inelastic or proton dissociative events. The luminosity is determined from
the rate of Bethe-Heitler processes measured using a calorimeter located close to the beam pipe
at z = −103 m in the backward direction.
A dedicated event trigger was set up for this analysis. It is based on topological and neural
network algorithms and uses correlations between electromagnetic energy deposits of electrons
or photons in both the LAr and the SpaCal [21]. The combined trigger efficiency is 98%.
Monte Carlo (MC) simulations are used to estimate the background contributions and the
corrections for the QED radiative effects and for the finite acceptance and the resolution of the
detectors. Elastic DVCS events in ep collisions are generated using the Monte Carlo generator
MILOU [22], based on the cross section calculation from [23] and using a t-slope parame-
ter b = 5.4 GeV−2, as measured in this analysis (see section 6.1). The photon flux is taken
from [24]. Inelastic DVCS events in which the proton dissociates into a baryonic system Y are
also simulated with MILOU setting the t-slope binel to 1.5 GeV
−2, as determined in a dedicated
study (see section 6.2). The Monte Carlo program COMPTON 2.0 [25] is used to simulate
elastic and inelastic BH events. In the generated MC events, no interference between DVCS
and BH processes is included. Background from diffractive meson events is simulated using the
DIFFVM MC generator [26]. All generated events are passed through a detailed, GEANT [27]
based simulation of the H1 detector and are subject to the same reconstruction and analysis
chain as are the data.
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in cos φ and sinφ, which are dominant at low x [6], are considered, the interference term I can
be written as
I ∝ −C [a1 cosφReADV CS + a2Pl sinφ ImADV CS], (2)
where C = ±1 is the charge of the lepton beam, Pl its longitudinal polarisation and a1 and a2
are functions of the ratio of longitudinal to transverse virtual photon flux [1–6]. Cross section
measurements which are integrated over φ are not sensitive to the interference term. The mea-
surement of the cross section asymmetry with respect to the beam charge as a function of φ
allows to access the interference term. The beam charge asymmetry (BCA) of the cross section
is defined as
AC(φ) =
dσ+/dφ− dσ−/dφ
dσ+/dφ+ dσ−/dφ
, (3)
where dσ+/dφ and dσ−/dφ are the differential ep → epγ cross sections measured in e+p and
e−p collisions, respectively.
Considering the low residual polarisation of the data and the theoretical expression of a1
and a2 [2], a1 ≫ a2Pl and the contribution of the sin φ term is neglected. Therefore, AC(φ) can
be expressed as
AC(φ) = p1 cosφ = 2ABH
ReADV CS
|ADVCS|2 + |ABH |2
cosφ. (4)
The term |ADVCS|
2 can be derived directly from the DVCS cross sectionmeasurement σDV CS =
|A2DVCS|/(16πb), where b is the slope of the exponential t-dependence e
−b|t| of the DVCS cross
section. As the BH amplitude is precisely known, the measured asymmetry is directly propor-
tional to the real part of the DVCS amplitude and the ratio between real and imaginary parts
of the DVCS amplitude, ρ = ReADV CS/ImADV CS, can be extracted. This ratio ρ can also
be derived using a dispersion relation [6, 16]. In the high energy limit, at low x and when the
W dependence of the cross section is parameterised by a single term W δ(Q
2), the dispersion
relation can be written as [13]
ρ = ReADV CS/ImADVCS = tan
(
πδ(Q2)
8
)
. (5)
The ratio ρ can therefore be determined directly from the energy dependence of the DVCS
cross section parameterised by δ(Q2). Comparison between the ρ values calculated from the en-
ergy dependence of the DVCS amplitude and from its real part therefore provides an important
consistency test of the measured BCA.
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σDV CS(Q
2
i ,Wi, ti) =
(Nobsi −N
BH
i −N
DVCS−inel
i )
NDVCS−eli
· σγ
∗p
DV CS−el(Q
2
i ,Wi, ti) , (6)
where Nobsi is the number of data events observed in bin i. The other numbers in this equation
are calculated using the MC simulations described in section 3. NBHi denotes the number of
BH events (elastic and inelastic) reconstructed in bin i and normalised to the data luminosity,
NDVCS−ineli the number of inelastic DVCS background events, N
DVCS−el
i the number of elastic
DVCS events and σγ
∗p
DV CS−el is the theoretical γ
∗p→ γp cross section used for the generation of
DVCS events. The mean value of the acceptance, defined as the number of DVCS MC events
reconstructed in a bin divided by the number of events generated in the same bin, is 60% over
the whole kinematic range, for both beam charges.
The systematic errors of the measured DVCS cross section are determined by repeating the
analysis after applying to theMC samples appropriate variations for each error source. The main
contribution comes from the variation of the t-slope parameter set in the elastic DVCS MC by
±6%, as constrained by this analysis, and the 4% uncertainty of the FMD veto efficiency. These
error sources result in an error of 10% on the measured cross section. The 20% uncertainty
of the t-slope parameter needed to estimate the inelastic DVCS background (see section 6.2)
translates into an error on the elastic cross section of 4% on average, but reaches 12% at high t.
The contribution from BH processes is controlled using the method detailed in [8]. It induces
an uncertainty of 3%. The uncertainties related to subtraction of the BH background, trigger
efficiency, photon identification efficiency, radiative corrections and luminosity measurement
are each in the range of 1 to 3%. The total systematic uncertainty of the cross section amounts
to about 12%. A fraction of about 85% of this error is correlated among bins.
For the BCA measurement, the angle φ is calculated from the reconstructed four-vectors of
the electron and of the photon. MC studies indicates that the resolution of φ is in the range
from 20◦ to 40◦. The resolution of φ is limited mainly by the resolution on the photon energy
in the LAr and the resolution on the electron polar angle. In addition there are large migrations
between the true and the reconstructed |φ| from 0◦ to 180◦, and vice versa. The asymmetry
AC(φ) is then determined from the differential ep → epγ cross sections dσ
+/dφ and dσ−/dφ
using the formula (3). The cross sections dσ/dφ are evaluated similarly to γ∗p → γp cross
section at bin centre values φi using the expression
dσ/dφ(φi) =
(Nobsi −N
BH−inel
i −N
DVCS−inel
i )
(NDVCS−eli +N
BH−el
i )
· (σepDV CS−el(φi) + σ
ep
BH−el(φi)), (7)
where NBH−eli and N
BH−inel
i are the numbers of elastic and inelastic MC BH events, respec-
tively, and σepDV CS−el(φi) + σ
ep
BH−el(φi) denotes the sum of the theoretical DVCS and BH
ep → epγ cross sections. Since a cosφ dependence is expected, events with φ < 0 and
φ > 0 are combined, in order to increase the statistical significance and to remove effects
on the asymmetry of any possible sinφ contribution from the residual lepton beam polarisation.
The systematic error on the BCA measurement mainly arises from the part of the LAr photon
energy scale uncertainty which is correlated between the e+p and e−p samples, estimated to be
0.5%.
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4 Event Selection
In elastic DVCS events, the scattered electron and the photon are the only particles that are
expected to give signals in the detector. The scattered proton escapes undetected through the
beam pipe. The selection of the analysis event sample requires a scattered electron and a pho-
ton identified as compact and isolated electromagnetic showers in the SpaCal and in the LAr,
respectively. The electron candidate is required to have an energy above 15 GeV. The photon is
required to have a transverse momentum PT above 2 GeV and a polar angle between 25
◦ and
145◦. Events are selected if there are either no tracks at all or a single central track which is
associated with the scattered electron. In order to reject inelastic and proton dissociation events,
no further energy deposit in the LAr calorimeter larger than 0.8 GeV is allowed and no activity
above the noise level should be present in the FMD. The influence of QED radiative corrections
is reduced by the requirement that the longitudinal momentum balance E − Pz be greater than
45 GeV. Here, E denotes the energy and Pz the momentum along the beam axis of all measured
final state particles. To enhance the DVCS signal with respect to the BH contribution and to
ensure a large acceptance, the kinematic domain is restricted to 6.5 < Q2 < 80 GeV2 and
30 < W < 140 GeV.
The reconstruction method for the kinematic variables Q2, x andW relies on the measured
polar angles of the final state electron and photon (double angle method) [8]. The variable t
is approximated by the negative square of the transverse momentum of the outgoing proton,
computed from the vector sum of the transverse momenta of the final state photon and the
scattered electron. The resolution of the t reconstruction varies from 0.06 at low |t| to 0.20GeV2
at high |t|.
The selected event sample contains 2643 events in e+p and 2794 events in e−p collisions,
respectively. Distributions of selected kinematic variables are presented in figure 1 for the full
sample from e±p collisions and compared to MC expectation normalised to the data luminosity.
A good description of the shape and normalisation of the measured distributions is observed.
The analysis sample contains contributions from the elastic DVCS and BH processes, as well
as backgrounds from the BH and DVCS processes with proton dissociation, ep → eγY , where
the baryonic system Y of mass MY is undetected. The latter contribute to 14 ± 4% of the
analysis sample, as estimated from MC predictions. Backgrounds from diffractive ω and φ
production decaying to final states with photons are estimated to be negligible in the kinematic
range of the analysis. Contamination from processes with low multiplicity π0 production was
also investigated and found to be negligible.
5 Cross Section and BeamChargeAsymmetryMeasurements
The full e±p data sample is used to measure the DVCS cross section integrated over φ. The sep-
arate e+p and e−p data samples are used to measure the beam charge asymmetry as a function
of φ.
The DVCS cross section, γ∗p → γp, is evaluated in each bin i at the bin centre values
Q2i ,Wi, ti using the expression
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impact parameter of
√
< r2T > = 0.64± 0.02 fm. It corresponds to the transverse extension of
the parton density, dominated by sea quarks and gluons for an average value x = 1.2 · 10−3, in
the plane perpendicular to the direction of motion of the proton. At larger values of x (x > 0.1),
a smaller value of
√
< r2T >, dominated by the contribution of valence quarks, is estimated [4].
6.2 Inelastic DVCS t-dependence
The increased statistical precision compared to previous analyses allows a first measurement
of the t-slope of the inelastic DVCS process. A sample of events with a signal in the FMD
is selected. It corresponds to events with the mass of the proton dissociation system MY &
1.4 GeV, as derived from MC studies. The contribution of inelastic DVCS events is extracted
by subtracting the BH (elastic and inelastic) and elastic DVCS contributions, as estimated from
the respective MC expectations. The measured differential cross section as a function of t
is presented in figure 5. A fit of the form dσ/d|t| ∼ e−binel|t| yields binel = 1.53 ± 0.26 ±
0.44 GeV−2. This value is compatible with previous determinations for inelastic exclusive
production of ρ, φ [30] and J/ψ [29]. No indication of a dependence of binel with Q
2 orW is
observed.
6.3 Beam Charge Asymmetry
The contributions of elastic DVCS and BH processes to the analysis sample are of similar size,
as can be observed in figure 1. This is a favourable situation for the beam charge asymmetry
measurement, with a maximum sensitivity for the interference term. The measured BCA inte-
grated over the kinematic range of the analysis and corrected for detector effects, as detailed
in section 5, is presented in figure 6 and table 4. Bins in φ with a size of the order of the
experimental resolution on φ are used.
The χ2 minimisation procedure leads to a p1 value of p1 = 0.16± 0.04± 0.06. The result-
ing function 0.16 cosφ is displayed in figure 6 and is seen to agree with the prediction of the
GPDs model for the first cosφ harmonic [6]. The measured asymmetry is in good agreement
with the model prediction within experimental errors.
As detailed in section 2, from the measured BCA and the p1 value determined above, to-
gether with the DVCS cross section, the ratio ρ of the real to imaginary parts of the DVCS
amplitude can be calculated as ρ = 0.20 ± 0.05 ± 0.08. This is the first measurement of this
ratio. The dispersion relation of equation (5) and our measurement of δ(Q2) on the other hand
leads to ρ = 0.25± 0.03± 0.05, in good agreement with the direct determination. While in the
low x domain of the present measurement, the real part of the DVCS amplitude is positive, in
contrast, at larger x (x ∼ 0.1) and lower Q2, a smaller and negative real part was measured3 by
the HERMES Collaboration [31].
3The convention used in [31] for the definition of the φ angle is different from the one of [2] adopted in the
present paper.
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In order to simulate the interference term, an asymmetry of the form p1 cosφ is added to the
MC generation and passed through the full detector simulation and analysis chain to account for
all acceptance and migration effects from true to reconstructed φ values. To determine the value
of p1, a χ
2 minimisation is performed as a function of p1 to adjust the reconstructed asymmetry
in the MC to the measured one. MC events generated using this p1 value are then used to
correct the measured asymmetry for the effect of migrations. Bin by bin correction factors are
determined from the difference between the true and the reconstructed asymmetry in the MC.
6 Results and Interpretations
6.1 Cross Sections and t-dependence
The measured DVCS cross sections as a function ofW for |t| < 1 GeV2 and at Q2 = 10 GeV2
as well as the Q2 dependence at W = 82 GeV are displayed in figure 2 and given in table 1.
They agree within errors with the previous measurements [8, 10–12]. The data agree also with
models based on GPDs [6] or the dipole approach [15]. DVCS cross sections for e+p and e−p
data are also found in good agreement with each other. As already discussed in [8], the steep
rise of the cross section withW is an indication of the presence of a hard underlying process.
TheW dependence of the cross section for three separate bins of Q2 is shown in figure 3(a)
and given in table 2. A fit of the functionW δ is performed in each Q2 bin. Figure 3(b) shows
the obtained δ values. It is observed that δ is independent of Q2 within the errors. The average
value2 δ = 0.63 ± 0.08 ± 0.14 is in agreement with the previous measurement [8], as well as
with the value of δ = 0.52± 0.09 (stat.) measured by the ZEUS Collaboration at a lowerQ2 of
3.2 GeV2 [12].
Differential cross sections are measured as a function of t for three values of Q2 and W
and presented in table 3. Fits of the form dσ/d|t| ∼ e−b|t|, which describe the data well [8],
are performed taking into account the statistical and correlated systematic errors. The derived
t-slope parameters b(Q2) and b(W ) are displayed in figures 4(a) and (b), respectively. They
confirm the result obtained in a previous analysis [8] and no significant variation of b with
W is observed. Experimental results are compared with calculations from GPDs and dipole
models [6, 15]. A good agreement is obtained for bothW and Q2 dependences of the t-slopes.
It should be noted that in the GPDs model previous data of [8, 10] are used to derive the Q2
and W dependences of b, while no DVCS data enter in the determination of parameters of the
dipole model. If b is parametrised as b = b0 + 2α
′ ln 1
x
, with x = Q2/W 2, the obtained α′ value
is compatible with 0 and an upper limit on α′ of 0.20 GeV−2 at 95% confidence level (CL) is
derived. This value is compatible with results obtained for J/ψ exclusive electroproduction [28,
29], for which the measured α′ is below 0.17 GeV−2 at 95% CL. An increase of the slope
with decreasing x (shrinkage) is therefore not observed. Such a behaviour is expected for hard
processes and confirms that perturbative QCD can be used to describe DVCS processes.
Using the complete analysis sample, the value of b is found to be 5.41 ± 0.14± 0.31GeV−2
at Q2 = 10 GeV2. This corresponds to a total uncertainty of 6% on the (elastic) t-slope mea-
surement for the full data sample. As in [8], this t-slope value can be converted to an average
2Here and in all other places where results are given the first error is statistical and the second systematic.
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7 Conclusion
The elastic DVCS cross section γ∗p → γp has been measured with the H1 detector at HERA.
The measurement is performed in the kinematic range 6.5 < Q2 < 80 GeV2,
30 < W < 140 GeV and |t| < 1 GeV2. The analysis uses e+p and e−p data recorded from
2004 to 2007, corresponding to a total integrated luminosity of 306 pb−1, almost equally shared
between both beam charges. The W dependence of the DVCS cross section is well described
by a function W δ. No significant variation of the exponent δ as a function of Q2 is observed.
For the total sample a value δ = 0.63 ± 0.08 ± 0.14 is determined. The steep rise of the cross
section with W indicates a hard underlying process. The t-dependence of the cross section is
well described by the form e−b|t| with an average slope of b = 5.41 ± 0.14 ± 0.31 GeV−2.
The t-slopes are determined differentially in Q2 and W and are compatible with previous ob-
servations. The t-slope is also measured for the inelastic DVCS. The measured elastic DVCS
cross section is compared to the predictions of two different models based on GPDs or on a
dipole approach, respectively. Both approaches describe the data well. The use of e+p and
e−p collision data allows the measurement of the beam charge asymmetry of the interference
between the BH and DVCS processes, for the first time at a collider. The ratio ρ of the real
to imaginary part of the DVCS amplitude is then derived, directly from the measurements of
the BCA and of the DVCS cross section to be ρ = 0.20 ± 0.05 ± 0.08. This ratio can also
be calculated from a dispersion relation using only the DVCS energy dependence, leading to
ρ = 0.25 ± 0.03 ± 0.05. Both results are in good agreement. The GPDs model considered
here [6] correctly describes the measured BCA as well as ρ. The measurements presented here
show that a combined analysis of DVCS observables, including cross section and charge asym-
metry, allows the extraction of the real part of the DVCS amplitude and subsequently a novel
understanding of the correlations of parton momenta in the proton.
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Figure 1: Distributions of the energy (a) and polar angle (b) of the scattered electron, the energy
(c) and polar angle (d) of the photon, the φ azimuthal angle between the plane of incoming and
outgoing lepton and the plane of virtual and real photon [2] (e) and the proton four momentum
transfer squared |t| (f). The data correspond to the full e±p sample and are compared to Monte
Carlo expectations for elastic DVCS, elastic and inelastic BH and inelastic DVCS. All Monte
Carlo simulations are normalised according to the luminosity of the data. The open histogram
shows the total prediction and the shaded band its estimated uncertainty.
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dσDV CS/d|t|
[
nb/GeV2
]
W = 82GeV
|t|
[
GeV2
]
Q2 = 8GeV2 Q2 = 15.5GeV2 Q2 = 25GeV2
0.10 13.3 ± 0.80 ± 1.73 4.33 ± 0.35 ± 0.65 1.68 ± 0.31 ± 0.42
0.30 4.82 ± 0.32 ± 0.50 1.24 ± 0.13 ± 0.16 0.49 ± 0.10 ± 0.08
0.50 1.26 ± 0.14 ± 0.18 0.45 ± 0.06 ± 0.05 0.18 ± 0.04 ± 0.03
0.80 0.21 ± 0.03 ± 0.04 0.10 ± 0.01 ± 0.02 0.05 ± 0.01 ± 0.01
b [GeV−2] 5.87 ± 0.20 ± 0.32 5.45 ± 0.20 ± 0.29 5.10 ± 0.38 ± 0.37
Q2 = 10GeV2
|t|
[
GeV2
]
W = 40GeV W = 70GeV W = 100GeV
0.10 4.77 ± 0.50 ± 0.49 7.81 ± 0.51 ± 0.85 11.0 ± 0.85 ± 2.23
0.30 1.62 ± 0.23 ± 0.18 2.88 ± 0.22 ± 0.28 3.71 ± 0.31 ± 0.49
0.50 0.69 ± 0.11 ± 0.07 0.91 ± 0.10 ± 0.10 1.18 ± 0.13 ± 0.16
0.80 0.10 ± 0.02 ± 0.01 0.16 ± 0.02 ± 0.02 0.24 ± 0.03 ± 0.04
b [GeV−2] 5.38 ± 0.30 ± 0.23 5.49 ± 0.19 ± 0.26 5.49 ± 0.20 ± 0.35
Table 3: The DVCS cross section γ∗p → γp, differential in t, dσDVCS/dt, for three values of
Q2 atW = 82GeV, and for three values ofW at Q2 = 10GeV2. Results for the corresponding
t-slope parameters b are given. The first errors are statistical, the second systematic.
φ [deg.] AC(φ)
10 0.326 ± 0.086 ± 0.180
35 0.119 ± 0.076 ± 0.090
70 −0.039 ± 0.080 ± 0.030
110 0.035 ± 0.092 ± 0.028
145 −0.234 ± 0.079 ± 0.076
170 −0.210 ± 0.075 ± 0.169
Table 4: The DVCS beam charge asymmetry AC(φ) as a function of φ and integrated over the
kinematic range 6.5 < Q2 < 80GeV2, 30 < W < 140GeV and |t| < 1GeV2. The first errors
are statistical, the second systematic.
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Figure 3: The DVCS cross section γ∗p→ γp as a function ofW at three values of Q2 (a). The
solid lines represent the results of fits of the form W δ. The fitted values of δ(Q2) are shown in
(b) together with the values obtained using HERA I data [10]. The inner error bars represent the
statistical errors, the outer error bars the statistical and systematic errors added in quadrature.
19
10
-1
1
10
0 10 20 30 40 50 60 70 80 90
ZEUS HERA I
H1 HERA I
H1 HERA II
Dipole model
GPDs model
W = 82 GeV
H1
Q2 [GeV2]
 
σ
D
V
C
S
 
[
n
b
]
(a)
0
2
4
6
8
10
12
0 20 40 60 80 100 120 140
H1 HERA I
H1 HERA II
Dipole model
GPDs model
Q2 = 10 GeV2
H1
W [GeV]
 
σ
D
V
C
S
 
[
n
b
]
(b)
Figure 2: The DVCS cross section γ∗p → γp as a function of Q2 at W = 82 GeV (a) and as
a function of W at Q2 = 10 GeV2 (b). The results from the previous H1 [10] and ZEUS [12]
publications based on HERA I data are also displayed. ZEUS measurements are propagated
from W = 104 GeV to 82 GeV using a W dependence W 0.52. The inner error bars represent
the statistical errors, the outer error bars the statistical and systematic errors added in quadrature.
The dashed line represents the prediction of the GPDs model [6] and the solid line the prediction
of the dipole model [15].
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Figure 6: Beam charge asymmetry as a function of the angle φ as defined in [2], integrated over
the kinematic range of the analysis. The inner error bars represent the statistical errors, the outer
error bars the statistical and systematic errors added in quadrature. The function 0.16 cosφ is
also shown (solid line), together with the GPDs model prediction (dashed line).
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different gauge groups, thus allowing the composite fermion to have arbitrary coupling strengths
with the three gauge bosons.
Following this model, single production of excited neutrinos in ep collisions may result from
the t-channel exchange of a W boson. Due to the helicity dependence of the weak interaction
and given the valence quark composition and density distribution of the proton, the ν ∗ produc-
tion cross section is predicted to be much larger for e−p collisions than for e+p. For a ν∗ mass
Mν∗ of 200 GeV the ratio of the production cross sections is of order 100. The ν
∗ production
cross section is expected to scale linearly with the polarisation of the incident electron beam,
similarly to the SM charged current process. The excited neutrino may decay into a lepton
and an electroweak gauge boson via ν∗ →νγ, ν∗→eW and ν∗→νZ. For a given Mν∗ value
and assuming a numerical relation between f and f ′, the ν∗ branching ratios are fixed and the
production cross section depends only on f/Λ. The ν∗ is expected not to have strong interac-
tions and therefore this search is insensitive to fs. Two complementary coupling assignments
f = +f ′ and f = −f ′ are studied in detail. For f = +f ′ the excited neutrino has no tree-level
electromagnetic coupling [8] and therefore the photonic decay of the ν∗ is forbidden whereas
for f = −f ′ decays into νγ, νZ and eW are allowed. In addition, arbitrary ratios of f ′/f are
considered in the range −5 to +5.
3 Simulation of Signal and Background Processes
A Monte Carlo (MC) program developed for this analysis is used for the calculation of the ν ∗
production cross section and the simulation of signal events. The events are simulated using
the cross section calculated from the Lagrangian described in equation (1) using the CompHEP
package [9]. Initial state radiation from the incident electron is included using the Weizsa¨cker-
Williams approximation [10]. The proton parton densities are taken from the CTEQ5L [11]
parametrisation and are evaluated at the scale
√
Q2, where Q2 is the four-momentum transfer
squared. The parton shower approach [12] is applied to simulate Quantum Chromodynamics
(QCD) corrections in the initial and final states. The hadronisation is performed using Lund
string fragmentation as implemented in PYTHIA [12].
In the MC generator the full transition matrix including the production and the decay is
implemented. This is important if the natural width of the ν∗ is large, which is typically the case
at high mass where factorisation of the ν∗ production and its decay no longer holds. Events used
in the determination of signal efficiencies are generated with the coupling f/Λ corresponding,
for each ν∗ mass, to the expected boundary of the probed domain in the plane defined by Mν∗
and f/Λ.
The Standard Model background processes that may mimic a ν∗ signal are neutral current
(NC) and charged current (CC) deep-inelastic scattering (DIS) and to a lesser extent photopro-
duction, lepton pair production and realW boson production.
The RAPGAP [13] event generator, which implements the Born, QCD Compton and Boson
Gluon Fusion matrix elements, is used to model NC DIS events. The QED radiative effects
arising from real photon emission from both the incoming and outgoing electrons are simulated
using the HERACLES [14] program. Direct and resolved photoproduction of jets and prompt
5
1 Introduction
The three-family structure and mass hierarchy of the known fermions is one of the most puz-
zling characteristics of the Standard Model (SM) of particle physics. Attractive explanations
are provided by models assuming composite quarks and leptons [1]. The existence of excited
states of leptons and quarks is a natural consequence of these models and their discovery would
provide convincing evidence of a new scale of matter. Electron-proton interactions at very high
energies provide a good environment in which to search for excited states of first generation
fermions. In particular, excited neutrinos (ν∗) could be singly produced through the exchange
of aW boson in the t-channel.
In this letter a search for excited neutrinos using the complete e−p HERA collider data of
the H1 experiment is presented. Electroweak decays into a SM lepton (e, νe) and a SM gauge
boson (γ,W and Z) are considered and hadronic as well as leptonic decays of theW and Z are
analysed.
The data, collected at electron and proton beam energies of 27.6 GeV and 920 GeV, respec-
tively, correspond to a total integrated luminosity of 184 pb−1. During the HERA II running
period, the electron beam was longitudinally polarised, at a level of typically 35%. For this
analysis the periods with left-handed and right-handed beams are combined and the analysed
data sample has a residual polarisation of 5% left-handed. With more than a ten-fold increase
in statistics, this analysis supersedes the result of the previous H1 search for excited neutrinos
based on a data sample corresponding to a luminosity of 15 pb−1 [2].
2 Phenomenology
In the present study a model [3–5] is considered in which excited fermions are assumed to
have spin 1/2 and isospin 1/2. Both left-handed and right-handed components of the excited
fermions form weak iso-doublets F ∗L and F
∗
R. In order to prevent the light leptons from radia-
tively acquiring a large anomalous magnetic moment [6, 7], only the right-handed component
of the excited fermions takes part in the generalised magnetic de-excitation. The interaction be-
tween excited fermions, gauge bosons and ordinary fermions is then described by the effective
Lagrangian [4]:
Lint. =
1
2Λ
F¯ ∗R σ
µν
[
gf
τa
2
W aµν + g
′f ′
Y
2
Bµν + gsfs
λa
2
Gaµν
]
FL + h.c. . (1)
The matrix σµν is the covariant bilinear tensor, W aµν , Bµν and G
a
µν are the field-strength
tensors of the SU(2), U(1) and SU(3)C gauge fields, τ
a, Y and λa are the Pauli matrices, the
weak hypercharge operator and the Gell-Mann matrices, respectively. The standard electroweak
and strong gauge couplings are denoted by g, g ′ and gs, respectively. The parameter Λ has
units of energy and can be regarded as the compositeness scale which reflects the range of a
new confinement force. The constants f , f ′ and fs are form factors associated to the three
gauge groups. They can be interpreted as parameters setting different scales Λi = Λ/fi for the
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5 Data Analysis
The triggers used in this analysis are based on the detection of energy deposits in the LAr
calorimeter [27]. Events containing an electromagnetic deposit (electron or photon) with an
energy greater than 10 GeV are triggered with an efficiency close to 100%. For events with
missing transverse energy above 20 GeV, the trigger efficiency is ∼ 90%.
In order to remove background events induced by cosmic showers and other non-ep sources,
the event vertex is required to be reconstructed within 35 cm in z of the nominal interaction
point. In addition, topological filters and timing vetoes are applied.
The identification of electrons or photons relies on the measurement of a compact and iso-
lated electromagnetic shower in the LAr calorimeter. In addition, the hadronic energy within
a distance in the pseudorapidity-azimuth (η − φ) plane R =
√
∆η2 +∆φ2 < 0.5 around the
electron (photon) is required to be below 3% of the electron (photon) energy. Muon iden-
tification is based on a track measured in the inner tracking systems associated with signals
in the muon detectors [28]. A muon candidate should have no more than 5 GeV deposited
in a cylinder, centred on the muon track direction, of radius 25 cm and 50 cm in the elec-
tromagnetic and hadronic sections of the LAr calorimeter, respectively. Calorimeter energy
deposits and tracks not previously identified as electron, photon or muon candidates are used to
form combined cluster-track objects, from which the hadronic energy is reconstructed [29, 30].
Jets are reconstructed from these combined cluster-track objects using an inclusive kT algo-
rithm [31, 32] with a minimum transverse momentum of 2.5 GeV. The missing transverse mo-
mentum PmissT of the event is derived from all identified particles and energy deposits in the
event. The PmissT is assumed to originate from a single neutrino. The four-vector of this neu-
trino candidate is reconstructed assuming transverse momentum conservation and the relation∑
i(E
i − P iz) + (E
ν − P νz ) = 2E
0
e = 55.2 GeV, where the sum runs over all detected particles;
Pz is the momentum along the beam axis and E
0
e is the electron beam energy.
Specific selection criteria applied in each decay channel are presented in the following sub-
sections. A detailed description of the analysis can be found in [33].
5.1 νγ Resonance Search
The signature of the decay channel ν∗→νγ consists of an isolated electromagnetic cluster
in events with missing transverse momentum. Background arises from CC DIS events with
an isolated π0 or a radiated photon. Events with substantial missing transverse momentum
PmissT > 20 GeV are selected. In each event, a photon candidate with transverse momentum
P γT > 20 GeV in a polar angle range 5
◦ < θγ < 120◦ is required. This polar angle range is
restricted to θγ < 60◦ in events with PmissT below 30 GeV, in order to reduce background from
NC DIS. The photon is required to be isolated from jets by a distance R > 0.5 to any jet axis.
In the central region (θγ > 20◦), photon candidates are selected only if no well measured track
points to the electromagnetic cluster within a distance of closest approach (DCA) of 12 cm. For
events with PmissT below 50 GeV, this condition is tightened by accepting only photon candi-
dates having no track with a DCA to the cluster below 24 cm or within R < 0.5. The energy
and polar angle of the photon are combined into one discriminant variable ξγ = Eγ cos2 (θγ/2).
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photon production are simulated using the PYTHIA event generator. The simulation is based
on Born level hard scattering matrix elements with radiative QED corrections. In RAPGAP and
PYTHIA, jet production from higher order QCD radiation is simulated using leading logarith-
mic parton showers and hadronisation is modelled with Lund string fragmentation. The leading
order MC prediction of NC DIS and photoproduction processes with two or more high trans-
verse momentum jets is scaled by a factor of 1.2 in order to normalise to next-to-leading order
QCD calculations [15]. Charged current DIS events are simulated using the DJANGO [16] pro-
gram, which includes first order leptonic QED radiative corrections based on HERACLES. The
production of two or more jets in DJANGO is accounted for using the colour-dipole-model [17].
Contributions from elastic and quasi-elastic QED Compton scattering are simulated with
the WABGEN [18] generator. Contributions arising from the production of W bosons and
multi-lepton events are modelled using the EPVEC [19] and GRAPE [20] event generators,
respectively.
All processes are generated with an integrated luminosity significantly higher than that of
the data sample. Generated events are passed through the full GEANT [21] based simulation of
the H1 apparatus, which takes into account the running conditions of the different data taking
periods, and are reconstructed and analysed using the same program chain as for the data.
4 Experimental Conditions
A detailed description of the H1 experiment can be found in [22]. Only the detector compo-
nents relevant to the present analysis are briefly described here. The origin of the H1 coordinate
system is the nominal ep interaction point, with the direction of the proton beam defining the
positive z-axis (forward region). Transverse momentum (PT ) is measured in the xy plane. The
pseudorapidity η is related to the polar angle θ by η = − ln tan(θ/2). The Liquid Argon (LAr)
calorimeter [23] is used to measure electrons, photons and hadrons. It covers the polar angle
range 4◦ < θ < 154◦ with full azimuthal acceptance. Electromagnetic shower energies are
measured with a precision of σ(E)/E = 12%/
√
E/GeV ⊕ 1% and hadronic energies with
σ(E)/E = 50%/
√
E/GeV ⊕ 2%, as measured in test beams [24, 25]. In the backward re-
gion, energy measurements are provided by a lead/scintillating-fiber (SpaCal) calorimeter [26]
covering the angular range 155◦ < θ < 178◦. The central (20◦ < θ < 160◦) and forward
(7◦ < θ < 25◦) tracking detectors are used to measure charged particle trajectories, to re-
construct the interaction vertex and to complement the measurement of hadronic energy. The
LAr and inner tracking detectors are enclosed in a super-conducting magnetic coil with a field
strength of 1.16 T. The return yoke of the coil is the outermost part of the detector and is
equipped with streamer tubes forming the central muon detector (4◦ < θ < 171◦). In the for-
ward region of the detector (3◦ < θ < 17◦) a set of drift chambers detects muons and measures
their momenta using an iron toroidal magnet. The luminosity is determined from the rate of
the Bethe-Heitler process ep→epγ, measured using a photon detector located close to the beam
pipe at z = −103 m, in the backward direction.
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Events are selected with an isolated electron in the LAr calorimeter in the polar angle range
5◦ < θe < 90◦. The electron variable1 ξe = Ee cos2 (θe/2) is required to be above 23 GeV
or the electron should have a transverse momentum P eT greater than 25 GeV. These conditions
remove a large part of the NC DIS contribution. In addition, the electron should be isolated
from jets by a distance R > 0.5 to any jet axis. The events are required to have at least two jets
in the polar angle range 5◦ < θjet < 130◦ with transverse momenta larger than 20 and 15 GeV,
respectively. In each event, aW candidate is reconstructed from the combination of the two jets
with an invariant mass closest to the nominal W boson mass. The reconstructed mass of the
W candidate is required to be larger than 40 GeV. To further reduce the NC DIS background it
is required that the polar angle of the jet with the highest PT associated to the W candidate be
less than 80◦ and that events with P eT < 65 GeV contain at least three jets with a PT larger than
5 GeV.
After the selection, 220 events are observed compared to a SM expectation of 223 ± 47.
The invariant mass of the ν∗ candidate is calculated from the electron and W candidate four-
vectors. For this calculation, the W candidate four-vector is scaled such that its mass is set
equal to the nominalW boson mass. The invariant mass distributions of the ν∗ candidates and
of the expected SM background are presented in figure 1(c). The selection efficiency in this
channel is 40% forMν∗ = 120 GeV, increasing to 65% forMν∗ = 260 GeV. From Monte Carlo
studies, the total width of the reconstructed ν∗ mass distribution is 15 GeV for a generated ν∗
mass of 120 GeV, increasing to 38 GeV for a ν∗ mass of 260 GeV.
5.4 eνµ and eνe Resonance Searches
In the search for ν∗→eW→eνµ, events with PmissT > 15 GeV, one electron with P
e
T > 20 GeV
and one muon with P µT > 10 GeV are selected. The electron and the muon have to be detected
in the polar angle ranges 5◦ < θe < 100◦ and 10◦ < θµ < 160◦, respectively. Furthermore,
the electron and the muon must be isolated from jets by minimum distances of Re > 0.5
and Rµ > 1, respectively. The contribution from NC DIS processes is reduced by requiring
ξe > 9 GeV. After this selection no data event remains, while 0.40 ± 0.05 SM background
events are expected. The selection efficiency for ν∗ with masses above 120 GeV is ∼ 35%.
The signatures of the ν∗→eW→eνe and ν∗→νZ→νee channels are similar and consist
of two high PT electrons in events with large missing transverse momentum. Events with
PmissT > 20 GeV are selected. In each event two isolated electromagnetic clusters are required,
with a transverse momentum larger than 20 and 15 GeV, respectively. The highest PT electron
should be detected in the polar angle range 5◦ < θe1 < 100◦ and the second electron in the
range 5◦ < θe2 < 120◦. To reduce the background from Compton processes, a track has to be
associated to each electromagnetic cluster in the central region (θe > 35◦). Events in which the
invariant mass of the two electromagnetic clusters is within 10 GeV of the nominal Z boson
mass are attributed to the Z→ee decay channel. Events from the W→νe decay channel are
selected by requiring the invariant mass of the ν and one of the electromagnetic clusters to
be compatible with the W boson mass within 20 GeV. In this channel, the variable ξe defined
from the highest PT electron is required to be above 29 GeV. No data candidate is observed in
1This variable is proportional to the four-momentum transfer squared Q2 for NC DIS.
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Radiative CC DIS events are suppressed by requiring that ξγ > 45 GeV. For signal events, in
most cases the final state contains a recoil jet, due to ν∗ production via t-channel W boson
exchange. Hence, in the final selection the presence of at least one jet with P jetT > 5 GeV is
also required.
Seven events are selected in the data, compared to a SM expectation of 12.3 ± 3.0, which is
dominated by CC DIS events. The invariant mass of the excited neutrino candidate is calculated
from the four-vectors of the neutrino and the photon. The invariant mass distributions of the
ν∗ candidates and of the expected SM background are presented in figure 1(a). The resulting
selection efficiency is 50% for Mν∗ = 120 GeV, increasing to 55% for Mν∗ = 260 GeV. From
Monte Carlo studies, the total width of the reconstructed ν∗ mass distribution is 11 GeV for a
generated ν∗ mass of 120 GeV, increasing to 41 GeV for a ν∗ mass of 260 GeV.
5.2 νqq¯ Resonance Search
The signature of the ν∗→νZ→νqq¯ decay channel consists of two jets with high transverse
momentum in events with large PmissT . The SM background is dominated by multi-jet CC
DIS events and contains a moderate contribution from photoproduction. Events with missing
transverse momentum PmissT > 20 GeV are selected. In each event at least two jets are required
in the polar angle range 5◦ < θjet < 130◦ with transverse momenta larger than 20 and 15 GeV,
respectively. Additionally, the hadronic final state must exhibit a polar angle γh, as defined
in [34], larger than 20◦, in order to remove photoproduction events. Events with PmissT < 30GeV
are selected if the ratio Vap/Vp of transverse energy flow anti-parallel and parallel to the hadronic
final state [34] is above 0.1. This condition reduces the contribution of CC DIS processes.
Photoproduction and NC DIS backgrounds typically have low volues of xh, the Bjorken scaling
variable calculated from the hadronic system using the Jacquet-Blondel method [34, 35], and
are thus suppressed by requiring xh > 0.04. Finally, to further reduce the background from CC
DIS, a jet multiplicity greater than or equal to three is required for events with P missT < 50 GeV.
In each event, a Z candidate is reconstructed from the combination of the two jets with an
invariant mass closest to the nominal Z boson mass. The reconstructed Z candidate is required
to have an invariant mass above 60 GeV.
After this selection, 89 events are found in the data compared to a SM expectation of 95± 21
events. The invariant mass of the ν∗ candidate is calculated from the neutrino and Z candidate
four-vectors. For this calculation, the Z candidate four-vector is scaled such that its mass is set
equal to the nominal Z boson mass. The invariant mass distributions of the ν∗ candidates and
of the expected SM background are presented in figure 1(b). The selection efficiency in this
channel is 25% forMν∗ = 120 GeV, increasing to 55% forMν∗ = 260 GeV. From Monte Carlo
studies, the total width of the reconstructed ν∗ mass distribution is 31 GeV for a generated ν∗
mass of 120 GeV, increasing to 41 GeV for a ν∗ mass of 260 GeV.
5.3 eqq¯ Resonance Search
The signature of the ν∗→eW→eqq¯ decay channel consists of one electron and two high PT
jets. Multi-jet NC DIS events constitute the main background contribution from SM processes.
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6 Interpretation
The event yields observed in all decay channels are in agreement with the corresponding SM
expectations and are summarised in table 1. The SM predictions are dominated by NC DIS pro-
cesses for the eqq¯ resonance search and by CC DIS for the νγ and νqq¯ resonance searches. The
distributions of the invariant mass of the data events are in agreement with those of the expected
SM background as shown in figure 1. No data event is observed in channels corresponding to
leptonic decays of theW or Z bosons, in agreement with the low SM expectations.
Since no evidence for the production of excited neutrinos is observed, upper limits on the ν ∗
production cross section and on the coupling f/Λ are derived as a function of the mass of the
excited neutrino. Limits are presented at the 95% confidence level (CL) and are obtained from
the mass spectra using a modified frequentist approach which takes statistical and systematic
uncertainties into account [37].
Upper limits on the product of the ν∗ production cross section and decay branching ratio are
shown in figure 2. The analysed decay channels of the W and Z gauge bosons are combined.
The resulting limits on f/Λ after combination of all ν∗ decay channels are displayed as a func-
tion of the ν∗ mass in figure 3, for the conventional assumptions f = −f ′ and f = +f ′. Limits
are derived for ν∗ masses up to 300 GeV. The total fraction of ν∗ decays covered in this analysis
is∼ 92% and∼ 84% in the two cases f = −f ′ and f = +f ′, respectively. In the case f = −f ′,
the limit on f/Λ is dominated at low mass by the ν∗→νγ channel, while the ν∗ → eW channel
starts to contribute significantly for masses above 200 GeV. Under the assumption f = +f ′, the
limit on f/Λ is driven mainly by the ν∗→eW channel. These new results improve significantly
the previously published limits by H1 [2] and ZEUS [38]. For comparison, the most stringent
limits obtained in e+e− collisions at LEP for the two cases f = −f ′ and f = +f ′, determined
by L3 [39] and DELPHI [40], respectively, are also shown in figure 3. The H1 measurement
provides the most stringent constraints for masses larger than ∼ 170 GeV. With the assump-
tion f/Λ = 1/Mν∗ excited neutrinos with masses up to 213 GeV (196 GeV) are excluded for
f = −f ′ (f = +f ′).
Limits with less model dependence can be derived if arbitrary ratios f ′/f are considered.
The dependence of the limits on this ratio for different ν∗ masses is displayed in figure 4(a).
Limits which are independent of f ′/f are derived for f ′/f ∈ [−5; 5] by choosing in figure 4(a)
the point with the weakest limit for each mass hypothesis. The result is shown in figure 4(b)
and is found to be almost equal to the limit obtained under the assumption f = +f ′.
7 Conclusion
Using the full e−p data sample collected by the H1 experiment at HERA with an integrated
luminosity of 184 pb−1 a search for the production of excited neutrinos is performed. The
excited neutrino decay channels ν∗→νγ, ν∗→νZ and ν∗→eW with subsequent hadronic or
leptonic decays of theW and Z bosons are considered and no indication of a ν∗ signal is found.
New limits on the production cross section of excited neutrinos are obtained. Previous HERA
results are improved by a factor three to four. Upper limits on the coupling f/Λ as a function of
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either the Z or W decay channels compared to SM expectations of 0.19 ± 0.05 and 0.7 ± 0.1,
respectively. In both channels, the selection efficiency for ν∗ with masses above 120 GeV is
∼ 35%.
5.5 Systematic Uncertainties
The following experimental systematic uncertainties are considered:
• The uncertainty on the electromagnetic energy scale varies between 1% and 3% depend-
ing on the polar angle. The polar angle measurement uncertainty of electromagnetic
clusters is 3 mrad.
• The efficiency to identify photons is known with a precision of 10% for high PT photons.
• The scale uncertainty on the transverse momentum of high PT muons amounts to 5%.
The uncertainty on the reconstruction of the muon polar angle is 3 mrad.
• The hadronic energy scale is known within 2%. The uncertainty on the jet polar angle
determination is 10 mrad.
• The uncertainty on the trigger efficiency is 3%.
• The luminosity measurement has an uncertainty of 2.5%.
The effect of the above systematic uncertainties are determined by varying the experimental
quantities by±1 standard deviation in the MC samples and propagating these variations through
the whole analysis chain.
Additional model systematic uncertainties are attributed to the SM background MC gen-
erators described in section 3. An error of 20% on the simulation of NC DIS, CC DIS and
photoproduction processes with at least two high PT jets is considered to account for the uncer-
tainty on higher order QCD corrections. An uncertainty of 30% on the simulation of radiative
CC DIS events is considered to account for the lack of QED radiation from the quark line in
the DJANGO generator. This uncertainty is estimated in the specific phase space of the anal-
ysis by a comparison of the DJANGO result to the calculated cross section of the e−p→νeγX
process [36]. The error on the QED Compton cross section is estimated to be 10%. The errors
attributed to multi-lepton and W production are 3% and 15%, respectively. The total error on
the SM background prediction is determined by adding the effects of all model and experimental
systematic uncertainties in quadrature.
The theoretical uncertainty on the ν∗ production cross section is dominated by the uncer-
tainty on the scale at which the proton parton densities are evaluated. It is estimated by varying
this scale from
√
Q2/2 to 2
√
Q2. The resulting uncertainty depends on the ν∗ mass and is 10%
atMν∗ = 100 GeV, increasing to 30% atMν∗ = 300 GeV.
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the excited neutrino mass are established for specific relations between the couplings (f = +f ′
and f = −f ′) and independent of the ratio f ′/f . Assuming f = −f ′ and f/Λ = 1/Mν∗ ,
excited neutrinos with a mass lower than 213 GeV are excluded at 95% confidence level. The
results presented in this letter greatly extend the previously excluded domain and demonstrate
the unique sensitivity of HERA to excited neutrinos with masses beyond the LEP reach.
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Search for ν∗ at HERA (e−p, 184 pb−1)
Channel Data SM Signal Efficiency [%]
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Table 1: Observed and predicted event yields for the studied ν∗ decay channels. The analysed
data sample corresponds to an integrated luminosity of 184 pb−1. The error on the SM predic-
tions includes model and experimental systematic errors added in quadrature. Typical selection
efficiencies for ν∗ masses ranging from 120 to 260 GeV are also indicated.
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branching ratio, σ× BR, in the three decay channels as a function of the excited neutrino mass.
The different decay channels of the W and Z gauge bosons are combined. Areas above the
curves are excluded.
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❡❧❡❝tr♦♥ s❡❛r❝❤❡s✳ ❚❤❡ e∗ ♣r♦❞✉❝t✐♦♥ ✈✐❛ ❝♦♥t❛❝t ✐♥t❡r❛❝t✐♦♥s ✐s ❛❧s♦ ❛❞❞r❡ss❡❞ ❢♦r t❤❡ ✜rst
t✐♠❡ ✐♥ ep ❝♦❧❧✐s✐♦♥s✳
of the new confinement force. The constants f , f ′ and fs are coupling parameters associated to
the three gauge groups and are determined by the yet unknown composite dynamics.
Following this model of gauge mediated (GM) interactions, single e∗ production in ep col-
lisions may result from the t-channel exchange of a γ or Z boson. Since the e∗ is expected not
to have strong interactions, the present search is insensitive to fs. The produced e
∗ may decay
into a lepton and an electroweak gauge boson via e∗→eγ, e∗→νW and e∗→eZ. For a given e∗
mass valueMe∗ and assuming a numerical relation between f and f
′, the e∗ branching ratios are
fixed and the production cross section depends only on f/Λ. In most analyses the assumption
is made that the coupling parameters f and f ′ are of comparable strength and only the relation-
ships f = −f ′ and f = +f ′ are considered. In the case f = −f ′, the excited electron does not
couple to the photon and therefore the e∗ production cross section at HERA is small. Therefore,
only the case f = +f ′ is considered in this analysis.
In addition to GM interactions, novel composite dynamics may be visible as contact inter-
actions (CI) between excited fermions and SM quarks and leptons. Such interactions can be
described by the effective four-fermion Lagrangian [5]:
LCI = 4π
2Λ2
jµjµ , (2)
where Λ is assumed to be the same parameter as in the Lagrangian (1) and jµ is the fermion
current
jµ = ηLF¯ ∗LγµFL + η
′
LF¯LγµFL + η
′′
LF¯
∗
LγµF
∗
L + h.c.+ (L→ R) . (3)
Conventionally, the η factors are set to one for the left-handed and to zero for the right-
handed current.
Contact interactions may induce changes in the cross section of neutral current (NC) deep-
inelastic scattering (DIS) ep → eX . Searches for deviations from the SM cross section at
the highest squared momentum transfers Q2 in NC DIS processes have excluded values of
Λ between 1.6 TeV and 5.5 TeV, depending on the chiral structure considered [9]. Contact
interactions may also mediate the resonant production of excited electrons in ep collisions as
well as their decays into an electron and a pair of SM fermions. The e∗ production and decay
by both gauge and contact interactions is also considered in this analysis. In this case the total
e∗ production cross section σGM+CI is the sum of pure GM and CI cross sections and of the
interference between the two processes [10]. For simplicity, the relative strength of gauge and
contact interactions are fixed by setting the parameters f and f ′ of the gauge interaction to
one. The ratio of the GM+CI and GM cross sections σGM+CI/σGM then depends only on Λ
and on the e∗ mass. For Me∗ = 150 GeV and Λ = 1 TeV, σGM+CI/σGM is equal to 8.4, but
reduces to 1.3 for Λ = 4 TeV. Relative branching ratios of GM and CI decays are determined by
the e∗ partial widths in each decay channel [5]. In the sensitive domain of the present analysis
(Λ ≃ 4 TeV and 100GeV< Me∗ < 200GeV), more than 95% of e∗ decays are gauge mediated.
Therefore, only GM decay channels are used for the present search.
5
1 Introduction
The three-family structure and mass hierarchy of the known fermions is one of the most puz-
zling characteristics of the Standard Model (SM) of particle physics. Attractive explanations
are provided by models assuming composite quarks and leptons [1]. The existence of excited
states of leptons and quarks is a natural consequence of these models and their discovery would
provide convincing evidence of a new scale of matter. Electron1-proton interactions at very high
energies provide good conditions to search for excited states of first generation fermions. For
instance, excited electrons (e∗) could be singly produced through the exchange of a γ or a Z
boson in the t-channel.
In this letter a search for excited electrons using the complete e±p HERA collider data of
the H1 experiment is presented. Electroweak decays into a SM lepton (e, νe) and a SM gauge
boson (γ,W and Z) are considered and hadronic as well as leptonic decays of theW and Z are
analysed.
The data are recorded at electron beam energy of 27.6 GeV and proton beam energies of
820 GeV and 920 GeV, corresponding to centre-of-mass energies
√
s of 301 GeV and 319 GeV,
respectively. The total integrated luminosity of the data is 475 pb−1. The data comprise
184 pb−1 recorded in e−p collisions and 291 pb−1 in e+p collisions, of which 35 pb−1 were
recorded at
√
s = 301 GeV. With a four-fold increase in statistics, this analysis supercedes the
result of the previous H1 search for excited electrons [2]. It complements the search for excited
neutrinos [3].
2 Excited Electron Models
In the present study a model [4–6] is considered in which excited fermions are assumed to have
spin 1/2 and isospin 1/2. The left-handed and right-handed components of the excited fermions
form weak iso-doublets F ∗L and F
∗
R.
Interactions between excited and ordinary fermions may be mediated by gauge bosons, as
described by the effective Lagrangian [5, 6]:
LGM = 1
2Λ
F¯ ∗R σ
µν
[
gf
τa
2
W aµν + g
′f ′
Y
2
Bµν + gsfs
λa
2
Gaµν
]
FL + h.c. . (1)
Only the right-handed component of the excited fermion F ∗R is allowed to couple to light
fermions, in order to protect the light leptons from radiatively acquiring a large anomalous mag-
netic moment [7, 8]. The matrix σµν is the covariant bilinear tensor,W aµν , Bµν and G
a
µν are the
field-strength tensors of the SU(2), U(1) and SU(3)C gauge fields, τ
a, Y and λa are the Pauli ma-
trices, the weak hypercharge operator and the Gell-Mann matrices, respectively. The standard
electroweak and strong gauge couplings are denoted by g, g ′ and gs, respectively. The parameter
Λ has units of energy and can be regarded as the compositeness scale which reflects the range
1In this letter the term “electron” refers to both electron and positrons, if not otherwise stated.
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4 Experimental Conditions
A detailed description of the H1 experiment can be found in [25]. Only the detector compo-
nents relevant to the present analysis are briefly described here. The origin of the H1 coordinate
system is the nominal ep interaction point, with the direction of the proton beam defining the
positive z-axis (forward region). Transverse momentum (PT ) is measured in the xy plane. The
pseudorapidity η is related to the polar angle θ by η = − ln tan(θ/2). The Liquid Argon (LAr)
calorimeter [26] is used to measure electrons, photons and hadrons. It covers the polar angle
range 4◦ < θ < 154◦ with full azimuthal acceptance. Electromagnetic shower energies are
measured with a precision of σ(E)/E = 12%/
√
E/GeV ⊕ 1% and hadronic energies with
σ(E)/E = 50%/
√
E/GeV ⊕ 2%, as measured in test beams [27, 28]. In the backward re-
gion, energy measurements are provided by a lead/scintillating-fiber (SpaCal) calorimeter [29]
covering the angular range 155◦ < θ < 178◦. The central (20◦ < θ < 160◦) and forward
(7◦ < θ < 25◦) tracking detectors are used to measure charged particle trajectories, to re-
construct the interaction vertex and to complement the measurement of hadronic energy. The
LAr and inner tracking detectors are enclosed in a super-conducting magnetic coil with a field
strength of 1.16 T. The return yoke of the coil is the outermost part of the detector and is
equipped with streamer tubes forming the central muon detector (4◦ < θ < 171◦). In the for-
ward region of the detector (3◦ < θ < 17◦) a set of drift chambers detects muons and measures
their momenta using an iron toroidal magnet. The luminosity is determined from the rate of
the Bethe-Heitler process ep→epγ, measured using a photon detector located close to the beam
pipe at z = −103 m, in the backward direction.
5 Data Analysis
The triggers employed for collecting the data used in this analysis are based on the detection of
electromagnetic deposits or missing transverse energy in the LAr calorimeter [30]. The trigger
efficiency is ∼ 90% for events with missing transverse energy of 20 GeV, and increases above
95% for missing transverse energy above 30 GeV. Events containing an electromagnetic deposit
(electron or photon) with an energy greater than 10 GeV are triggered with an efficiency close
to 100%.
In order to remove background events induced by cosmic showers and other non-ep sources,
the event vertex is required to be reconstructed within 35 cm in z of the nominal interaction
point. In addition, topological filters and timing vetoes are applied.
The identification of electrons or photons relies on the measurement of a compact and iso-
lated electromagnetic shower in the LAr calorimeter. The hadronic energy within a distance
in the pseudorapidity-azimuth (η − φ) plane R =
√
∆η2 +∆φ2 < 0.5 around the electron
(photon) is required to be below 3% of the electron (photon) energy. Furthermore, each elec-
tron (photon) candidate must be isolated from jets by a minimum distance in pseudorapidity-
azimuth of R > 0.5 to any jet axis. The electron and photon energy and angular direction are
measured by the calorimeters. Muon identification is based on a track measured in the inner
tracking systems associated with signals in the muon detectors [31]. A muon candidate is re-
quired to have no more than 5 GeV deposited in a cylinder, centred on the muon track direction,
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3 Simulation of Signal and Background Processes
The Monte Carlo (MC) event generator COMPOS [11] is used for the calculation of the e∗
production cross section and to determine the signal detection efficiencies. It is based on the
cross section formulae for gauge mediated interactions [4, 5]. Cross section formulae for con-
tact interaction production and for the interference between contact and gauge interactions [10]
have also been incorporated into COMPOS. Only e∗ decays via gauge mediated interactions
are simulated. Initial state radiation of a photon from the incident electron is included using
the Weizsa¨cker–Williams approximation [12]. The proton parton densities are taken from the
CTEQ5L [13] parametrisation and are evaluated at the scale
√
Q2. The parton shower ap-
proach [14] is applied in order to simulate Quantum Chromodynamics (QCD) corrections in
the initial and final states. Hadronisation is performed using Lund string fragmentation as im-
plemented in PYTHIA [14]. The COMPOS generator uses the narrow width approximation
(NWA) for the calculation of the production cross section and takes into account the natural
width of the excited electron for the e∗ decay. The NWA is valid for e∗ masses below 290 GeV
and the couplings f/Λ relevant to this analysis, as the total e∗ width is less than 10% of the e∗
mass.
The Standard Model (SM) processes which may mimic the e∗ signal are QED Compton
scattering, neutral current and charged current (CC) deep-inelastic scattering and to a lesser
extent photoproduction, lepton pair production and realW boson production.
The RAPGAP [15] event generator, which implements the Born, QCD Compton and Boson
Gluon Fusion matrix elements, is used to model NC DIS events. The QED radiative effects
arising from real photon emission from both the incoming and outgoing electrons are simulated
using the HERACLES [16] program. Direct and resolved photoproduction of jets and prompt
photon production are simulated using the PYTHIA event generator. The simulation is based
on Born level hard scattering matrix elements with radiative QED corrections. In RAPGAP
and PYTHIA, jet production from higher order QCD radiation is simulated using leading log-
arithmic parton showers and hadronisation is modelled with Lund string fragmentation. The
leading order MC prediction of NC DIS and photoproduction processes with two or more high
transverse momentum jets is scaled by a factor of 1.2 to account for missing higher order QCD
contributions in the MC generators [19,20]. Charged current DIS events are simulated using the
DJANGO [17] program, which includes first order leptonic QED radiative corrections based on
HERACLES. The production of two or more jets in DJANGO is accounted for using the colour-
dipole-model [18]. Contributions from elastic and quasi-elastic QED Compton scattering are
simulated with the WABGEN [21] generator. Contributions arising from the production of W
bosons and multi-lepton events are modelled using the EPVEC [22] and GRAPE [23] event
generators, respectively.
Generated events are passed through the full GEANT [24] based simulation of the H1 ap-
paratus, which takes into account the actual running conditions of the data taking, and are
reconstructed and analysed using the same program chain as for the data.
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5.2 νqq¯ Resonance Search
The signature of the e∗→νW→νqq¯ decay channel consists of two high transverse momentum
jets in events with large PmissT . The SM background is dominated by multi-jet CC DIS events
and contains moderate contributions from NC DIS and photoproduction. Events with missing
transverse momentum PmissT > 20 GeV are selected. In each event at least two jets with trans-
verse momenta larger than 20 and 15 GeV, respectively, are required in the polar angle range
5◦ < θ < 130◦.
The ratio Vap/Vp of transverse energy flow anti-parallel and parallel to the hadronic final
state [37] is used to suppress photoproduction events. Events with Vap/Vp > 0.3 are rejected.
Photoproduction and NC DIS backgrounds typically have low values of xh, the Bjorken scaling
variable calculated from the hadronic system using the Jacquet-Blondel method [37, 38], and
are thus suppressed by requiring xh > 0.04. In each event, aW candidate is reconstructed from
the combination of those two jets with invariant mass closest to the nominal W boson mass.
The reconstructedW candidate is required to have an invariant mass above 60 GeV. In order to
further reduce the background from CC DIS, the invariant mass of all jets and hadrons in the
event not associated to the decay of theW boson candidate is required to be below 15 GeV.
After this selection, 129 events are found compared to a SM expectation of 133 ± 32 events
which is dominated by CC DIS events. The CC DIS cross section is smaller in e+p collisions
than in e−p, in contrast to the e∗ cross section which is comparable in both collision modes.
Therefore, e+p data have a larger sensitivity to a potential e∗ signal in this channel than e−p
data. In the e+p (e−p) data sample, 33 (96) events are observed compared to a SM expectation
of 51±13 (82±19). A significant excess is observed neither in e+p nor in e−p data. The invari-
ant mass of the e∗ candidate is calculated from the neutrino andW candidate four-vectors. For
this calculation, the W candidate four-vector is scaled such that its mass is set to the nominal
W boson mass. The invariant mass distribution of the e∗ candidates and the SM background is
presented in figure 1(c). The selection efficiency in this channel is 20% forMe∗ = 120 GeV, in-
creasing to 55% forMe∗ = 260 GeV. FromMonte Carlo studies, the experimental resolution on
the reconstructed e∗ mass distribution is 9 GeV for a generated e∗ mass of 120 GeV, increasing
to ∼ 20 GeV for an e∗ mass of 260 GeV.
5.3 eqq¯ Resonance Search
The signature of the e∗→eZ→eqq¯ decay channel consists of one electron and two high PT
jets. Multi-jet NC DIS events constitute the main background contribution from SM processes.
Events are selected with an isolated electron in the LAr calorimeter in the polar angle range
5◦ < θe < 90◦. The electron should have either a transverse momentum P eT greater than 25GeV
or the variable2 ξe = Ee cos2 (θe/2) above 23 GeV. These conditions remove a large part of the
NC DIS contribution. The events are required to have at least two jets in the polar angle range
5◦ < θjet < 130◦ with transverse momenta larger than 20 and 15 GeV, respectively. In each
event, a Z candidate is reconstructed from the combination of those two jets with invariant mass
closest to the nominal Z boson mass. The reconstructed mass of the Z candidate is required to
2For NC DIS events, this variable is proportional to the four-momentum transfer squared Q2.
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of radius 25 cm and 50 cm in the electromagnetic and hadronic sections of the LAr calorimeter,
respectively. Additionally, the muon candidate is required to be separated from the closest jet
and from any track byR > 1 andR > 0.5, respectively. Calorimeter energy deposits and tracks
not previously identified as electron, photon or muon candidates are used to form combined
cluster-track objects, from which the hadronic energy is reconstructed [32, 33]. Jets are recon-
structed from these combined cluster-track objects using an inclusive kT algorithm [34,35] with
a minimum transverse momentum of 2.5 GeV. The missing transverse momentum PmissT of the
event is derived from all detected particles and energy deposits in the event. In events with large
PmissT , the only non-detected particle in the event is assumed to be a neutrino. The four-vector of
this neutrino candidate is reconstructed assuming transverse momentum conservation and the
relation
∑
i(E
i − P iz) + (Eν − P νz ) = 2E0e = 55.2 GeV, where the sum runs over all detected
particles, Pz is the momentum along the proton beam axis and E
0
e is the electron beam energy.
Specific selection criteria applied in each decay channel are presented in the following sub-
sections. A detailed description of the analysis can be found in [36].
5.1 eγ Resonance Search
The signature of the e∗→eγ decay channel consists of two high PT isolated electromagnetic
clusters. SM background arises mainly from elastic and inelastic QED Compton events. Two
isolated electromagnetic clusters are required, each with transverse momentum PT > 15 GeV
and polar angle 5◦ < θ < 130◦. No explicit electron and photon identification based on tracking
conditions is performed in order to retain a high selection efficiency. To reduce contributions
from QED Compton processes, the sum of the energies of the two electromagnetic clusters is
required to be greater than 110 GeV and the sum of their total transverse momenta has to be
larger than 75 GeV.
After this selection, the SM background from elastic QED Compton events is smaller than
that from inelastic QED Compton processes. Since about half of the e∗ production cross section
is expected from elastic e∗ production [4], the analysis is separated into two parts. Events with
a total hadronic energy Eh < 5 GeV are used to search for elastic e
∗ production, whereas the
other events are attributed to possible inelastic e∗ production.
In the elastic channel 42 events are selected in the data compared to a SM expectation of
48 ± 4. In the inelastic channel 65 events are found for 65 ± 8 expected. The errors on the SM
prediction include model and experimental systematic errors added in quadrature (see section
5.5). The invariant mass of the e∗ candidate is calculated from the four-vectors of the elec-
tron and photon candidates. The invariant mass distribution of the e∗ candidates and the SM
background expectations are presented in figure 1(a) and (b) for the elastic and inelastic chan-
nels, respectively. The selection efficiency is 60% for Me∗ = 120 GeV, increasing to 70% for
Me∗ = 260 GeV. From Monte Carlo studies, the experimental resolution on the reconstructed
e∗ mass distribution is 3 GeV for a generated e∗ mass of 120 GeV, increasing to 6 GeV for an
e∗ mass of 260 GeV.
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the four-vectors of the neutrino candidate and the electron candidate. To further remove back-
ground from W production, only events in which the reconstructed e∗ mass is above 90 GeV
are considered. After this selection four data events remain, while 4.5 ± 0.7 SM background
events are expected. The selection efficiency for the e∗→νW→νeν (e∗→eZ→eνν) signature
is ∼ 60% (∼ 35%) for e∗ with masses above 120 GeV.
5.5 Systematic Uncertainties
The following experimental systematic uncertainties are considered:
• The uncertainty on the electromagnetic energy scale varies between 0.7% and 2% de-
pending on the polar angle. The polar angle measurement uncertainty is 3 mrad for elec-
tromagnetic clusters.
• The scale uncertainty on the transverse momentum of high PT muons amounts to 2.5%.
The uncertainty on the reconstruction of the muon polar angle is 3 mrad.
• The hadronic energy scale is known within 2%. The uncertainty on the jet polar angle
determination is 10 mrad.
• The uncertainty on the trigger efficiency is 3%.
• The luminosity measurement has an uncertainty of 3%.
The effect of the above systematic uncertainties on the SM expectation and the signal effi-
ciency are determined by varying the experimental quantities by ±1 standard deviation in the
MC samples and propagating these variations through the whole analysis chain.
Additional model systematic uncertainties are attributed to the SM background MC gener-
ators described in section 3. An error of 20% on the normalisation of NC DIS, CC DIS and
photoproduction processes with at least two high PT jets is considered to account for the un-
certainty on higher order QCD corrections. The error on the elastic and quasi-elastic QED
Compton cross sections is conservatively estimated to be 5%. The error on the inelastic QED
Compton cross section is 10%. The errors attributed to lepton pair andW production are 3% and
15%, respectively. The total error on the SM background prediction is determined by adding
the effects of all model and experimental systematic uncertainties in quadrature.
The theoretical uncertainty on the e∗ production cross section is dominated by the uncer-
tainty on the scale at which the proton parton densities are evaluated. It is estimated by varying
this scale from
√
Q2/2 to 2
√
Q2. The resulting uncertainty depends on the e∗ mass and is 10%
atMe∗ = 100 GeV, increasing to 15% atMe∗ = 300 GeV.
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be larger than 70 GeV. To further reduce the NC DIS background the polar angle of the jet with
the highest PT associated to the Z candidate is required to be less than 80
◦. The polar angle of
the second jet is required to be greater than 10◦ in events with P
jet2
T < 25 GeV.
After this selection, 286 events are observed while 277 ± 62 are expected from the SM.
The invariant mass of the e∗ candidate is calculated from the electron and Z candidate four-
vectors. For this calculation, the Z candidate four-vector is scaled such that its mass is set
to the nominal Z boson mass. The invariant mass distribution of the e∗ candidates and the
SM background is presented in figure 1(d). The selection efficiency in this channel is 20%
for Me∗ = 120 GeV, increasing to 55% for Me∗ = 260 GeV. From Monte Carlo studies, the
experimental resolution on the reconstructed e∗ mass distribution is 2 GeV for a generated e∗
mass of 120 GeV, increasing to 8 GeV for an e∗ mass of 260 GeV.
5.4 eee, eµµ and eνν Resonance Searches
In the search for e∗→eZ→eee, events with three electrons of high transverse momenta are
selected. The electrons must be detected in the polar angle range 5◦ < θe < 150◦ and have
transverse momenta larger than 25, 20 and 15 GeV, respectively. To reduce the background
from QEDCompton processes, each electron in the central region (θe > 35◦) must be associated
to a charged track. A Z candidate is reconstructed from the combination of the two electrons
with an invariant mass closest to the nominal Z boson mass. The reconstructed mass of the Z
candidate is required be compatible with the nominal Z boson mass within 7 GeV. After this
selection no data event remains, while 0.72 ± 0.06 SM background events are expected. The
selection efficiency for e∗ with masses above 120 GeV is ∼ 60%.
In the search for e∗→eZ→eµµ, events are selected with one electron with transverse mo-
mentum above 20 GeV and two muons with transverse momenta above 15 and 10 GeV, respec-
tively. The electron and the muons must be detected in the polar angle ranges 5◦ < θe < 150◦
and 10◦ < θµ < 160◦, respectively. A Z candidate is reconstructed from the combination of the
two muons and its reconstructed mass is required to be larger than 60 GeV. After this selection
no data event remains, while 0.52 ± 0.05 SM background events are expected. The selection
efficiency in this channel is∼ 40% forMe∗ = 120GeV, decreasing to 15% forMe∗ = 260GeV.
The signatures of the e∗→νW→νeν and e∗→eZ→eνν channels are similar and consist
of one high PT electron in events with large missing transverse momentum. Events with
PmissT > 25 GeV and one electron with PT > 20 GeV are selected. The electron is detected
in the polar angle range 5◦ < θe < 100◦ and is required to be isolated from jets by a minimum
distance of R > 1. To reduce the background from radiative CC DIS processes, a track must
be associated to the electron in the central region (θe > 35◦). Events from photoproduction are
suppressed by requiring Vap/Vp < 0.1. Remaining NCDIS events are removed by requiring that
the longitudinal momentum balance of the event be
∑
i(Ei − Pz,i) < 45 GeV, where the sum
runs over all visible particles. In order to remove background arising from SM W production,
the hadron system is required to have a total transverse momentum P hT < 20 GeV and to exhibit
a polar angle γh, as defined in [37], below 80
◦. In each event, only one neutrino candidate can
be reconstructed, from the total missing transverse momentum, as explained at the beginning of
section 5. The invariant mass of the e∗ candidate in the eνν final state is therefore estimated from
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excited electron decay channels e∗→eγ, e∗→eZ and e∗→νW with subsequent hadronic or
leptonic decays of the W and Z bosons are considered and no indication of a signal is found.
New limits on the production cross section of excited electrons are obtained. Within gauge
mediated models, an upper limit on the coupling f/Λ as a function of the excited electron mass
is established for the specific relation f = +f ′ between the couplings. Assuming f = +f ′
and f/Λ = 1/Me∗ excited electrons with a mass lower than 272 GeV are excluded at 95%
confidence level. For the first time in ep collisions, gauge and four-fermion contact interactions
are also considered together for e∗ production and decays. In this scenario and assuming the
sameΛ parameter in contact and gauge interactions as well as f = +f ′ = 1, ηL = 1 and ηR = 0,
the limit on 1/Λ improves only slightly, demonstrating that the gauge interaction mechanism
is dominant for excited electron processes at HERA. The results presented in this paper extend
previously excluded domain at HERA, LEP or Tevatron.
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6 Interpretation
The event yields observed in all decay channels are in agreement with the corresponding SM ex-
pectations and are summarised in table 1. The SM predictions are dominated by QED Compton
for the eγ resonance search, by CC DIS in the νqq¯ resonance search and by NC DIS processes
for the eqq¯ resonance search. The distributions of the invariant mass of the data events are in
agreement with those of the expected SM background as shown in figure 1. Few or no data
events are observed in channels corresponding to leptonic decays of the W or Z bosons, in
agreement with the low SM expectations.
Since no evidence for the production of excited electrons is observed, upper limits on the e∗
production cross section and on the model parameters are derived as a function of the mass of the
excited electron. Limits are presented at the 95% confidence level (CL) and are obtained from
the mass spectra using a modified frequentist approach which takes statistical and systematic
uncertainties into account [39].
Upper limits on the product of the e∗ production cross section and of the e∗ decay branching
ratio are shown in figure 2. The analysed decay channels of the W and Z gauge bosons are
combined. Considering pure gauge interactions, the resulting limit on f/Λ after combination
of all decay channels is displayed as a function of the e∗ mass in figure 3, for the conventional
assumption f = +f ′. The total fraction of all possible e∗ gauge decay channels covered in this
analysis is ∼ 88%. The limit extends up to e∗ masses of 290 GeV. Considering the assumption
f/Λ = 1/Me∗ excited electrons with masses up to 272GeV are excluded. The relative contribu-
tions of the e∗ decay channels to the combined limit are shown in figure 3(a). At low mass, the
combined limit on f/Λ is dominated by the e∗→eγ channel, while the e∗ → νW channel starts
to contribute to the limit for masses above 200 GeV. These new results extend the previously
published limits by H1 [2] and ZEUS [40] by more than a factor of two in f/Λ. Figure 3(b)
shows direct and indirect limits on e∗ production obtained in e+e− collisions at LEP by the
OPAL Collaboration [41] and DELPHI Collaboration [42], respectively. The result of the most
recent search for e∗ production within gauge mediated models obtained at the Tevatron by the
CDF Collaboration is also indicated [43]. The limit from the present analysis extends at high
mass beyond the kinematic reach of LEP searches and to lower f/Λ values than are reached by
Tevatron searches.
If e∗ production is considered via gauge and contact interactions together, an upper limit on
1/Λ is also obtained, under the assumption f = f ′ = 1. Possible e∗ decays by either gauge or
contact interactions are taken into account and the efficiency of the analysis to e∗ CI decays is
conservatively assumed to be zero. The limit on 1/Λ as a function of the e∗ mass is displayed
in figure 4. For e∗ masses below 250 GeV, the additional contribution of CI to e∗ production
changes the limit on Λ by a factor of 1.15 to 1.2. A limit on Λ as a function of the e∗ mass is
also obtained at the Tevatron by considering single e∗ production via contact interactions only,
followed by its gauge decay into an electron and a photon [44].
7 Conclusion
Using the full e±p data sample collected by the H1 experiment at HERA with an integrated
luminosity of 475 pb−1 a search for the production of excited electrons is performed. The
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Figure 1: Invariant mass distribution of the e∗ candidates in the elastic e∗→eγ (a), inelastic
e∗→eγ (b), e∗→νW→νqq¯ (c), and e∗→eZ→eqq¯ (d) search channels. The points correspond
to the observed data events and the histograms to the SM expectation after the final selections.
The error bands on the SM prediction include model uncertainties and experimental systematic
errors added in quadrature. The dashed line represents with an arbitrary normalisation the
reconstructed mass distribution of e∗ events withMe∗ = 240 GeV.
17
Search for e∗ at HERA (475 pb−1)
Channel Data SM Signal Efficiency [%]
e∗→eγ (ela.) 42 48± 4 60–70
e∗→eγ (inel.) 65 65± 8 60–70
e∗→νW→νqq¯ 129 133± 32 20–55
e∗→νW→νeν
e∗→eZ→eνν 4 4.5± 0.7
60
35
e∗→eZ→eqq¯ 286 277± 62 20–55
e∗→eZ→eee 0 0.72± 0.06 60
e∗→eZ→eµµ 0 0.52± 0.05 40–15
Table 1: Observed and predicted event yields for the studied e∗ decay channels. The analysed
data sample corresponds to an integrated luminosity of 475 pb−1. The errors on the SM predic-
tions include model and experimental systematic errors added in quadrature. Typical selection
efficiencies for e∗ masses ranging from 120 to 260 GeV are also indicated.
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Figure 4: Exclusion limits at 95% CL on the inverse of the compositeness scale 1/Λ as a
function of the mass of the excited electron. The excluded domain obtained by considering
e∗ production via gauge mediated interactions only and under the assumption f = +f ′ = 1 is
represented by the shaded area. The hatched area corresponds to the additional domain excluded
if gauge mediated and contact interactions are considered together for e∗ production. Areas
above the curves are excluded.
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channels of theW and Z gauge bosons are combined. Areas above the curves are excluded.
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Figure 3: Exclusion limits at 95% CL on the coupling f/Λ as a function of the mass of the
excited electron considering gauge mediated interactions only, with the assumption f = +f ′.
The separate contributions of the different e∗ decay channels are presented in (a). Values of
the couplings above the curves are excluded. The excluded domain based on all H1 e±p data
is represented in (b) by the shaded area. It is compared to the direct (dashed line) and indi-
rect (dotted line) exclusion limits obtained at LEP by the OPAL Collaboration [41] and by the
DELPHI Collaboration [42], respectively. The result from the Tevatron obtained by the CDF
experiment [43] is also shown (dashed-dotted line). The curve f/Λ = 1/Me∗ is indicated in (b).
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of the new confinement force. The constants f , f ′ and fs are coupling parameters associated
with the three gauge groups and are determined by the yet unknown composite dynamics.
Following this model of gauge mediated interactions, excited quarks may be resonantly pro-
duced in ep collisions through a gauge boson exchange between the incoming electron and a
quark of the proton (see figure 1(a)). The exchange of excited quarks in the u-channel (fig-
ure 1(b)) is also possible for the high q∗ masses and low values of Λ probed in this analysis.
For example, for Λ = 50 GeV, f = f ′ = 1 and an excited quark of massMq∗ = 300 GeV, the
u-channel production cross section is 0.016 pb while the resonant production cross section is
0.27 pb.
e±
γ, Z
γ, Z,W, g
p
q∗
e±
X
q
q
(a)
e±
γ, Z
γ, Z,W, g
q∗
e±
q
p
X
q
(b)
Figure 1: Diagrams for the production and decay of excited quarks in ep collisions.
The excited quark may decay into a quark and a gauge boson via q∗→qγ, q∗→qW , q∗→qZ
and q∗→qg. For a given q∗ mass value and assuming a numerical relation between f , f ′ and fs,
the q∗ branching ratios are fixed and the production cross section depends only on f/Λ. Only γ,
W and Z decays of the q∗ are considered in the present study. In this analysis, the assumptions
are made that the coupling parameters f and f ′ are of comparable strength, with the relationship
f = f ′, and that fs = 0. These assumptions lead to results which are complementary to the q
∗
searches performed at the Tevatron [5–8], since at a pp¯ collider excited quarks are dominantly
produced in a quark-gluon fusion mechanism, which requires fs 6= 0. The effect of non-zero
values of fs is also studied in the present analysis.
3 Simulation of Signal and Background Processes
A Monte Carlo (MC) program developed for this analysis is used for the calculation of the q∗
production cross section and the simulation of signal events. The events are simulated using
the cross section calculated from the Lagrangian described in equation (1) using the CompHEP
program [16]. Both resonant q∗ production and u-channel exchange processes, as well as their
interference are included. Initial state radiation of a photon from the incident electron is in-
cluded using the Weizsa¨cker-Williams approximation [17]. The proton parton densities are
5
1 Introduction
The three-family structure and mass hierarchy of the known fermions is one of the most puzzling
characteristics of the Standard Model (SM) of particle physics. Attractive explanations are
provided by models assuming a composite structure of quarks and leptons [1]. The existence of
excited states of leptons and quarks is a natural consequence of these models and their discovery
would be a convincing evidence of a new scale of matter. Electron1-proton interactions at high
energies provide the opportunity to search for excited states of first generation fermions. For
instance, excited quarks (q∗) could be singly produced through the exchange of a γ or aZ boson.
In this paper a search for excited quarks using the complete e±p HERA collider data of the
H1 experiment is presented. Electroweak decays of the excited quark into a SM quark and a
gauge boson (γ,W and Z) are considered and both hadronic and leptonic decays of theW and
Z bosons are analysed.
The data were recorded at an electron beam energy of 27.6 GeV and proton beam energies
of 820GeV or 920GeV, corresponding to centre-of-mass energies
√
s of 301GeV and 319GeV,
respectively. The total integrated luminosity of the data sample is 475 pb−1. The data comprise
184 pb−1 recorded in e−p collisions and 291 pb−1 in e+p collisions, of which 35 pb−1 were
recorded at
√
s = 301 GeV. With more than a twelve-fold increase in statistics and a higher
centre-of-mass energy, this analysis supersedes the result of previous searches for excited quarks
at HERA by the H1 [2] and ZEUS [3] Collaborations and is complementary to exclusion limits
obtained at the LEP collider [4] and at the Tevatron [5–8]. The analysis also complements
searches for first generation excited neutrinos [9] and electrons [10] at HERA.
2 Phenomenology
In the present study a model [11–13] is considered in which excited fermions are assumed to
have spin 1/2 and weak isospin 1/2. The left-handed and right-handed components of the
excited fermions form weak iso-doublets F ∗L and F
∗
R. Interactions between excited and ordinary
fermions may be mediated by gauge bosons, as described by the effective Lagrangian [12, 13]:
Lint. = 1
2Λ
F¯ ∗R σ
µν
[
gf
τa
2
W aµν + g
′f ′
Y
2
Bµν + gsfs
λa
2
Gaµν
]
FL + h.c. . (1)
Only the right-handed component of the excited fermions F ∗R is allowed to couple to light
fermions FL, in order to protect the light leptons from radiatively acquiring a large anomalous
magnetic moment [14, 15]. The matrix σµν is the covariant bilinear tensor, W aµν , Bµν and G
a
µν
are the field-strength tensors of the SU(2), U(1) and SU(3)C gauge fields, τ
a, Y and λa are
the Pauli matrices, the weak hypercharge operator and the Gell-Mann matrices. The standard
electroweak and strong gauge couplings are denoted by g, g ′ and gs, respectively. The parameter
Λ has units of energy and can be regarded as the compositeness scale which reflects the range
1In this paper the term “electron” is used generically to refer to both electrons and positrons, unless otherwise
stated.
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calorimeter [31] is used to measure energy and direction of electrons, photons and hadrons.
It covers the polar angle range 4◦ < θ < 154◦ with full azimuthal acceptance. Electromag-
netic shower energies are measured with a precision of σ(E)/E = 12%/
√
E/GeV ⊕ 1% and
hadronic energies with σ(E)/E = 50%/
√
E/GeV⊕2%, as measured in test beams [32,33]. In
the backward region, energy measurements are provided by a lead/scintillating-fibre (SpaCal)
calorimeter2 [34] covering the angular range 155◦ < θ < 178◦. The central (20◦ < θ < 160◦)
and forward (7◦ < θ < 25◦) tracking detectors are used to measure charged particle trajectories,
to reconstruct the interaction vertex and to complement the measurement of hadronic energy.
The innermost proportional chamber CIP (9◦ < θ < 171◦) is used to veto charged particles for
the identification of photons. The LAr calorimeter and inner tracking detectors are enclosed in
a superconducting magnetic coil with a field strength of 1.16 T. From the curvature of charged
particle trajectories in the magnetic field, the central tracking system provides transverse mo-
mentum measurements with a resolution of σPT /PT = 0.5% PT/GeV⊕ 1.5% [35]. The return
yoke of the coil is the outermost part of the central detector and is equipped with streamer tubes
forming the central muon detector (4◦ < θ < 171◦). In the forward region of the detector
(3◦ < θ < 17◦) a set of drift chambers detects muons and measures their momenta using an
iron toroidal magnet. The luminosity is determined from the rate of the Bethe-Heitler process
ep→epγ, measured using a photon detector located close to the beam pipe at z = −103 m, in
the backward direction.
5 Data Analysis
The triggers employed for collecting the data used in this analysis are based on the detection of
electromagnetic and hadronic energy deposits or missing transverse energy in the LAr calorime-
ter [36]. For events with missing transverse energy of 20 GeV, the trigger efficiency is ∼ 90%
and increases to above 95% for missing transverse energy above 30 GeV. Events containing an
electromagnetic deposit (electron or photon) with an energy greater than 10 GeV are triggered
with an efficiency close to 100% [37]. Events with two or three jets of transverse momentum
larger than 20 GeV are triggered with an efficiency of nearly 100%.
In order to remove background events induced by cosmic showers and other non-ep sources,
the event vertex is required to be reconstructed within 35 cm in z of the nominal interaction
point. In addition, topological filters and timing vetoes are applied [38].
In a first analysis step, calorimetric energy deposits and tracks of the event are used to look
for electron, photon and muon candidates. Electron and photon candidates are characterised
by compact and isolated electromagnetic showers in the LAr calorimeter. The identification of
muon candidates is based on a track measured in the inner tracking systems associated with sig-
nals in the muon detectors [39,40]. Calorimeter energy deposits and tracks not previously iden-
tified as electron, photon or muon candidates are used to form combined cluster-track objects,
from which the hadronic energy is reconstructed [41,42]. Jet candidates are reconstructed, with
a minimum transverse momentum of 2.5 GeV, from these combined cluster-track objects using
an inclusive kT algorithm [43, 44] with a PT weighted recombination scheme in which the jets
are treated as massless. The missing transverse momentum PmissT of the event is derived from all
2This device was installed in 1995, replacing a lead-scintillator “sandwich” calorimeter [30].
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taken from the CTEQ5L [18] parametrisation and are evaluated at the scale
√
sˆ =
√
sx, where
x is the momentum fraction of the proton carried by the interacting quark. The parton shower
approach [19] is applied in order to simulate Quantum Chromodynamics (QCD) corrections
in the initial and final states. Hadronisation is performed using Lund string fragmentation as
implemented in PYTHIA [19].
In the MC generator the full transition matrix including both q∗ production and decay is
implemented. This is important if the natural width of the q∗ is large, which is typically the case
at high mass. In order to incorporate the width effects in the signal efficiency determination,
events are generated with the coupling f/Λ corresponding, for each q∗ mass, to the expected
boundary of the probed domain in the plane defined byMq∗ and f/Λ.
Excited quarks will be searched for in the qγ, qqq¯, qeν, qµν, qee and qµµ final states. The
SM background processes that may mimic the q∗ signal are prompt photon production, neutral
current (NC) deep inelastic scattering (DIS), photoproduction, singleW boson production and
lepton pair production.
The RAPGAP [20] event generator, which implements the Born, QCD Compton and Boson
Gluon Fusion matrix elements, is used to model NC DIS events. The QED radiative effects
arising from real photon emission from both the incoming and outgoing electrons are simulated
using the HERACLES [21] program. Direct and resolved photoproduction of jets and prompt
photon production are simulated using the PYTHIA event generator. The simulation is based
on Born level scattering matrix elements with radiative QED corrections. In RAPGAP and
PYTHIA, jet production from higher order QCD radiation is simulated using leading logarith-
mic parton showers and hadronisation is modelled with Lund string fragmentation. The leading
order MC prediction of NC DIS and photoproduction processes with two or more high trans-
verse momentum jets is scaled by a factor of 1.2 to account for the incomplete description of
higher orders in the MC generators [22,23]. Charged current DIS events are simulated using the
DJANGO [24] program, which includes first order leptonic QED radiative corrections based on
HERACLES. The production of two or more jets in DJANGO is accounted for using the colour
dipole model [25]. Contributions from elastic and quasi-elastic QED Compton scattering are
simulated with the WABGEN [26] generator. Contributions arising from the production of sin-
gle W bosons and multi-lepton events are modelled using the EPVEC [27] and GRAPE [28]
event generators, respectively.
Generated events are passed through a GEANT [29] based simulation of the H1 apparatus,
which takes into account the actual running conditions of the data taking, and are reconstructed
and analysed using the same program chain as is used for the data.
4 Experimental Conditions
A detailed description of the H1 detector can be found in [30]. Only the detector components
relevant to the present analysis are briefly described here. The origin of the H1 coordinate
system is the nominal ep interaction point, with the direction of the proton beam defining the
positive z-axis (forward region). Transverse momentum (PT ) is measured in the x–y plane. The
pseudorapidity η is related to the polar angle θ by η = − ln tan(θ/2). The Liquid Argon (LAr)
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candidate is calculated from the four-vectors of the photon and the jet candidate of highest
PT . The invariant mass distribution of the q
∗ candidates and the SM background expectation is
presented in figure 2(a). From Monte Carlo studies, the selection efficiency is 35% forMq∗ =
120 GeV, increasing to 45% forMq∗ = 260 GeV. The total width of the reconstructed q
∗ mass
distribution is 6 GeV for a generated q∗ mass of 120 GeV, increasing to 12 GeV for a q∗ mass
of 260 GeV.
5.2 qqq¯ Resonance Search
The signatures of the q∗→qW→qqq¯ and q∗→qZ→qqq¯ decay channels are similar to each other
and consist of three high transverse momentum jets. The SM background is dominated by
multi-jet photoproduction and NC DIS events. Events are selected with at least three jets in the
polar angle range 5◦ < θjet < 120◦ with transverse momenta larger than 50, 30 and 15 GeV,
respectively. In each event, aW or Z boson candidate is reconstructed from the combination of
the two jets with an invariant mass closest to the nominalW orZ boson mass. The reconstructed
mass of theW or Z candidate is required to be larger than 70 GeV and smaller than 100 GeV.
FromMC studies, in decays of q∗ of large mass, the highest PT jet often does not originate from
the boson decay. Therefore, only events in which the highest PT jet is not associated to theW
or Z boson candidate are selected. This requirement is particularly effective in suppressing the
photoproduction background at high q∗ masses. However, it reduces the q∗ selection efficiency
at low masses.
After this selection, 341 events are observed while 326± 78 are expected from the SM. The
remaining dominant SM background contributions are photoproduction (52%) and NC DIS
(39%) events. The invariant mass of the q∗ candidate is calculated from the highest PT jet and
W or Z candidate four-vectors. The invariant mass distributions of the q∗ candidates and of
the SM background are presented in figure 2(b). The selection efficiency in this channel is 5%
forMq∗ = 120 GeV, increasing to 35% for Mq∗ = 160 GeV and to 55% for Mq∗ = 260 GeV.
The total width of the reconstructed q∗ mass distribution is 11 GeV for a generated q∗ mass of
120 GeV, increasing to 25 GeV for a q∗ mass of 260 GeV.
5.3 qeν and qµν Resonance Searches
The signature of the q∗→qW→qeν and q∗→qW→qµν decay channels consists of one ener-
getic lepton, a prominent jet and missing transverse momentum. Events with this topology
correspond in the SM to single W production [47]. Other SM background processes that may
mimic the signature through misidentification or mismeasurement are NC and CC DIS, photo-
production and lepton pair production.
In the search for q∗→qW→qeν, events with PmissT > 25 GeV, one electron with P eT >
10 GeV and one jet with P jetT > 20 GeV are selected. The electron and the jet must be detected
in the polar angle range 5◦ < θe,jet < 100◦. Furthermore, the electron must be isolated from
jets by a minimum distance of R > 1. The ratio Vap/Vp of transverse energy flow anti-parallel
and parallel to the hadronic final state [45] is used to suppress photoproduction and NC DIS
events. Events with Vap/Vp > 0.25 are rejected. The invariant mass of theW boson candidate,
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detected particles and energy deposits in the event. In events with large PmissT , a neutrino can-
didate is reconstructed. The four-vector of this neutrino candidate is calculated assuming trans-
verse momentum conservation and the relation
∑
i(E
i−P iz) + (Eν −P νz ) = 2E0e = 55.2 GeV,
where the sum runs over all detected particles; Pz is the momentum along the proton beam axis
and E0e is the electron beam energy. The later relation assumes that no significant losses are
present in the electron beam direction.
In a second step, additional requirements are applied to ensure a clear identification of par-
ticles. For electrons and photons, the hadronic energy within a distance in the pseudorapidity-
azimuth (η − φ) plane R =
√
∆η2 +∆φ2 < 0.5 around the electron (photon) is required to be
below 3% of the electron (photon) energy. Furthermore, each electron (photon) must be isolated
from jets by a minimum distance in pseudorapidity-azimuth of R > 0.5 to any jet axis. In the
polar angle region θe > 35◦ electrons must be associated to a charged track and be isolated from
any other track by a minimum distance ofR > 0.5. In the central region (θγ > 20◦), photons are
selected only if no track points to the electromagnetic cluster neither within a distance of closest
approach (DCA) of 30 cm nor within R < 0.5. In the forward region (θγ < 20◦) only photon
candidates with no good quality track with a DCA to the cluster below 12 cm are accepted.
In this region, the calorimetric isolation of the photon candidate is tightened by requiring that
the hadronic energy within R < 1, instead of R < 0.5, around the photon be below 3% of
the photon energy. In addition, it is required that no hit in the CIP be associated to the photon
candidate. A muon should have no more than 5 GeV deposited in a cylinder, centred on the
muon track direction, of radius 25 cm and 50 cm in the electromagnetic and hadronic sections
of the LAr calorimeter, respectively. Additionally, the muon is required to be separated from
the closest jet and from any track by R > 1 and R > 0.5, respectively.
Specific selection criteria applied in each decay channel are presented in the following sub-
sections.
5.1 qγ Resonance Search
The signature of the q∗→qγ decay channel consists of one high PT isolated electromagnetic
cluster and one high PT jet. SM background arises from radiative NC DIS and prompt pho-
ton events. As decay products of a massive particle have large transverse momenta and are
boosted in the forward region, events are selected with a photon with transverse momentum
P γT > 35 GeV in a polar angle range 5
◦ < θγ < 90◦. The events are required to have at least
one jet in the polar angle range 5◦ < θjet < 80◦ with a transverse momentum larger than
20 GeV. Photoproduction background events typically have low values of the Bjorken scaling
variable, xh, calculated from the hadronic system using the Jacquet-Blondel method [45, 46].
Their contribution is reduced by a factor of two by requiring xh > 0.1. Finally, to further re-
duce the background from NC DIS, it is required that no electromagnetic deposit with an energy
larger than 10 GeV with an associated track is present in the LAr.
After this selection, 44 events are found in the data compared to a SM expectation of 46± 8
events. The errors on the SM prediction include model and experimental systematic errors
added in quadrature (see section 5.5). The remaining dominant SM background contributions
are prompt photon (66%) and radiative NC DIS (26%) events. The invariant mass of the q∗
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required to be larger than 50 GeV. After this selection no data event remains, while 0.87± 0.11
SM events are expected.
In both channels, the selection efficiency is ∼ 30% for events with mq∗ > 120 GeV. The
total width of the reconstructed q∗ mass distribution in the qee (qµµ) channel is 5GeV (25GeV)
for a generated q∗ mass of 120 GeV, increasing to 20 GeV (30 GeV) for a q∗ mass of 260 GeV.
5.5 Systematic Uncertainties
The following experimental systematic uncertainties are considered:
• The uncertainty on the electromagnetic energy scale varies between 0.7% and 2% de-
pending on the polar angle [48]. The polar angle measurement uncertainty is 3 mrad
for electromagnetic clusters. The identification efficiency of electrons is known with an
uncertainty of 3%.
• The efficiency to identify photons is known with a precision of 10% for photons with
PT > 10 GeV [48].
• The scale uncertainty on the transverse momentum of high PT muons amounts to 2.5%.
The uncertainty on the reconstruction of the muon polar angle is 3 mrad. The identifica-
tion efficiency of muons is known with an uncertainty of 3%.
• The hadronic energy scale is known within 2% [48]. The uncertainty on the jet polar
angle determination is 10 mrad.
• The uncertainty on the trigger efficiency is 3%.
• The luminosity measurement has an uncertainty of 3%.
The effect of the above systematic uncertainties on the SM expectation and the signal ef-
ficiency is determined by varying the experimental quantities by ±1 standard deviation in the
MC samples and propagating these variations through the whole analysis chain.
Additional model systematic uncertainties are attributed to the SM background MC gen-
erators described in section 3. An error of 20% is attributed to NC DIS, CC DIS and photo-
production processes with at least two high PT jets. It includes uncertainties from the proton
distribution functions, from missing higher order QCD corrections and from hadronisation. The
error on the elastic and quasi-elastic QED Compton cross sections is conservatively estimated
to be 5%; the error on the inelastic QED Compton cross section is 10%. The errors attributed
to lepton pair andW production are 3% and 15%, respectively. The total error on the SM back-
ground prediction is determined by adding the effects of all model and experimental systematic
uncertainties in quadrature.
The theoretical uncertainty on the q∗ production cross section is dominated by the uncer-
tainty on the scale at which the proton parton densities are evaluated. It is estimated by varying
this scale from
√
sˆ/2 to 2
√
sˆ. The resulting uncertainty depends on the q∗ mass and is 5% at
Mq∗ = 100 GeV, increasing to 12% atMq∗ = 300 GeV.
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reconstructed from the four-vectors of the electron and neutrino candidates, is required to be
between 55 and 100 GeV. After this selection six data events remain, while 6.0 ± 0.8 SM
events are expected, of which 82% are from single W production. The invariant mass of the
q∗ candidate is calculated from the jet and W candidate four-vectors. For this calculation,
the W candidate four-vector is scaled such that its mass is set to the nominal W boson mass.
The invariant mass distribution of the q∗ candidates and the SM background is presented in
figure 2(c). The selection efficiency in this channel is∼ 20% forMq∗ = 120 GeV, increasing to
30% forMq∗ = 260 GeV. The total width of the reconstructed q
∗ mass distribution is 10 GeV
for a generated q∗ mass of 120 GeV, increasing to 20 GeV for a q∗ mass of 260 GeV.
In the search for q∗→qW→qµν, events with PmissT > 25GeV, one muon with P µT > 10GeV
and one jet with P jetT > 15GeV are selected. The muon and the jet must be detected in the polar
angle ranges 5◦ < θµ < 100◦ and 5◦ < θjet < 160◦, respectively. To reduce the background
contribution from SM W production, the PT of the jet is required to be larger than 25 GeV
in the polar angle range θjet < 60◦. A W candidate is reconstructed from the combination of
the four-vectors of the muon and neutrino candidates and its mass is required to be larger than
40 GeV. After this selection five data events remain, while 4.4± 0.7 SM events are expected, of
which 90% are from singleW production. The invariant mass of the q∗ candidate is calculated
from the jet andW candidate four-vectors. For this calculation, theW candidate four-vector is
scaled such that its mass is set to the nominalW boson mass. The invariant mass distribution of
the q∗ candidates and the SM background is presented in figure 2(d). The selection efficiency
in this channel is ∼ 20% forMq∗ = 120 GeV, increasing to 40% forMq∗ = 260 GeV. The total
width of the reconstructed q∗ mass distribution is 14 GeV for a generated q∗ mass of 120 GeV,
increasing to 30 GeV for a q∗ mass of 260 GeV.
5.4 qee and qµµ Resonance Searches
The signature of the q∗→qZ→qee and q∗→qZ→qµµ decay channels consists of two high PT
leptons and an energetic jet. The production of lepton pairs constitutes the main background
contribution from SM processes [40].
In the search for q∗→qZ→qee, events with two electrons and one jet of high transverse mo-
menta are selected. Events are selected with two electrons in the polar angle range 5◦ < θe <
100◦ and transverse momenta larger than 20 and 10 GeV. A jet with a transverse momentum
larger than 20 GeV must be detected in the polar angle range 5◦ < θjet < 100◦. To reduce the
background from QED Compton and NC DIS processes, each electron must be associated to a
good quality track also in the forward region (5◦ < θe < 35◦). A Z candidate is reconstructed
from the combination of the two electrons and its reconstructed mass is required to be compat-
ible with the nominal Z boson mass within 7 GeV. After this selection no data event remains,
while 0.44± 0.08 SM events are expected.
In the search for q∗→qZ→qµµ, events with two muons and one jet of high transverse mo-
menta are selected. Events are selected with two muons in the polar angle range 5◦ < θµ < 160◦
and transverse momenta larger than 15 and 10 GeV, respectively. A jet with a transverse mo-
mentum larger than 20 GeV must be detected in the polar angle range 5◦ < θjet < 100◦. A Z
candidate is reconstructed from the combination of the two muons and its reconstructed mass is
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quark decay channels q∗→qγ, q∗→qZ and q∗→qW with subsequent hadronic or leptonic de-
cays of the W and Z bosons are considered and no indication of a signal is found. Improved
limits on the production cross section of excited quarks are obtained. Within gauge mediated
models, an upper limit on the coupling f/Λ as a function of the excited quark mass is estab-
lished for the specific relations f = f ′ and fs = 0. For f/Λ = 1/Mq∗ excited quarks with a
mass below 252 GeV are excluded at 95% confidence level. The results presented in this paper
extend previously excluded domains at HERA and LEP and are complementary to q∗ searches
performed at the Tevatron.
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6 Interpretation and Limits
The event yields observed in all decay channels are in agreement with the corresponding SM
expectations and are summarised in table 1. The SM predictions are dominated by photoproduc-
tion and NC DIS for searches in the qγ and qqq¯ channels and by SM W production in the qeν
and qµν channels. The observed invariant mass distributions are in agreement with those of the
SM background as shown in figure 2. No data events are observed in channels corresponding
to leptonic decays of the Z boson, in agreement with the low SM expectations.
Since no evidence for the production of excited quarks is observed, upper limits on the q∗
production cross section and on the model parameters are derived as a function of the mass of
the excited quark. Limits are presented at the 95% confidence level (CL) and are obtained from
the mass spectra using a modified frequentist approach which takes statistical and systematic
uncertainties into account [49].
Upper limits on the product of the q∗ production cross section and of the q∗ final state
branching ratio are shown in figure 3. The analysed q∗ decays into W and Z gauge bosons
are combined. The resulting limit on f/Λ after combination of all decay channels is displayed
as a function of the q∗ mass in figure 4, for fs = 0 and the conventional assumption f = f
′.
Under the assumption f/Λ = 1/Mq∗ excited quarks with masses below 252 GeV are excluded.
The individual limits from different q∗ decay channels are also shown in figure 4(a). At low
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two high PT jets is observed in the present data. Due to the overwhelming dijet SM background,
the total limit on q∗ production is not improved if the q∗ → qg decay channel is included. The
present limit is compared to the limit obtained by the CDF Collaboration for fs = 0.1 and the
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domain not excluded by Tevatron experiments. In the case f = f ′ = fs = 1 and Λ = Mq∗ ,
Tevatron experiments are able to exclude excited quark masses up to 870 GeV [7,8].
7 Conclusion
A search for the production of excited quarks is performed using the full e±p data sample col-
lected by the H1 experiment at HERA with an integrated luminosity of 475 pb−1. The excited
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H1 Search for q∗ at HERA (475 pb−1)
Channel Data SM Signal Efficiency [%]
q∗→qγ 44 46± 4 ± 7 35 – 45
q∗→qW/Z→qqq¯ 341 326± 48 ± 62 5 – 55
q∗→qW→qeν 6 6.0± 0.2 ± 0.8 20 – 30
q∗→qW→qµν 5 4.4± 0.2 ± 0.7 20 – 40
q∗→qZ→qee 0 0.44± 0.06± 0.04 15 – 30
q∗→qZ→qµµ 0 0.87± 0.10± 0.04 15 – 30
Table 1: Observed and predicted event yields for the studied q∗ decay channels. The first and
second errors on the SM predictions correspond to experimental and model systematic errors,
respectively. Typical selection efficiencies obtained from MC studies for q∗ masses ranging
from 120 to 260 GeV are also indicated.
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Figure 3: Upper limits at 95% CL on the product of the q∗ cross section and decay branching
ratio, σ× BR, in the three types of final states for q∗ events as a function of the excited quark
mass. The q∗ decay channels into theW and Z bosons are combined. Values above the curves
are excluded.
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Figure 4: Exclusion limits at 95% CL on f/Λ as a function of the mass of the excited quark
with the assumptions f = f ′ and fs = 0. The individual contributions of the q
∗ decay channels
are presented in (a). Values of the couplings above the curves are excluded. The excluded
domain based on all H1 e±p data is represented in (b) by the shaded area. It is compared to the
exclusion limit obtained at LEP by the DELPHI Collaboration [4] (dashed line), assuming that
the branching ratio of the q∗ → qγ is equal to 1. The curve f/Λ = 1/Mq∗ is indicated in (b).
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Figure 2: Invariant mass distribution of the q∗ candidates in the q∗→qγ (a), q∗→qW/Z→qqq¯
(b), q∗→qW→qeν (c), and q∗→qW→qµν (d) search channels. The points correspond to the
data and the histograms to the SM expectation after the final selections. The error bands on
the SM prediction include model uncertainties and experimental systematic errors added in
quadrature. The dashed line represents the reconstructed mass distribution of MC q∗ signal
events withMq∗ = 240 GeV, with an arbitrary normalisation.
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event generator. Its contribution is found to be very small in the phase space relevant here and
is neglected in the following.
In GRAPE the proton interaction is divided into in three phase space regions: elastic, quasi–
elastic and inelastic. In the case of elastic scattering, ep → ee+e−p, the proton vertex is de-
scribed in terms of dipole form factors. The quasi–elastic domain is defined by requiring that
the mass of the hadronic final state MX < 5 GeV or that the virtuality of the photon coupled to
the proton Q2p < 1 GeV2. In the region MX < 2 GeV a resonance parameterisation [9] is used
for the proton vertex. In the remaining quasi–elastic phase space, a fit to photoproduction and
deep inelastic scattering data is used [10]. The inelastic regime corresponds to electron–quark
interactions with MX > 5 GeV and Q2p > 1 GeV2. In this case, the proton structure is pa-
rameterised using the CTEQ5L parton distributions [11]. The fragmentation and hadronisation
processes are simulated using the SOPHIA program [12] in the quasi-elastic and PYTHIA [8]
in the inelastic regime.
The uncertainty attributed to the GRAPE calculation in this analysis is 3%. This value
results mainly from the uncertainties in the QED matrix element calculation (1%), the
parameterisation of the structure functions and the phase space separation between quasi-elastic
and inelastic processes.
The GRAPE prediction is cross–checked using the LPAIR generator [13], which contains
only the photon–photon process. When restricted to this process, the total and differential
cross sections produced with LPAIR and GRAPE agree at the percent level. The additional
diagrams in GRAPE increase the predicted cross section by 10 % on average in the phase space
considered here. The increase is more pronounced (up to 30 %) for di–lepton masses which are
either very low (photon internal conversions) or around 90 GeV (Z0 resonance production).
The main experimental backgrounds to multi–electron production are processes in which,
in addition to a true electron, one or more fake electrons are reconstructed in the final state.
The dominant contribution arises from neutral current Deep Inelastic Scattering (DIS) events
(ep → eX) in which, in addition to the scattered electron, hadrons or radiated photons are
incorrectly identified as electrons. QED Compton scattering (ep→ eγX) can also contribute if
the photon is misidentified as an electron. The DIS and elastic Compton processes are simulated
using the DJANGO [14] and WABGEN [15] generators, respectively.
All generated events are passed through the full GEANT [16] based simulation of the H1
apparatus and are reconstructed using the same program chain as for the data.
3 Experimental Conditions
A detailed description of the H1 detector can be found in [17]. The components essential for
this analysis are described briefly here.
A tracking system consisting of central and forward2 drift chambers is used to measure
charged particle trajectories and to determine the interaction vertex. The central tracker is com-
posed of two concentric cylindrical drift chambers with an active detection region starting at a
2The origin of the H1 coordinate system is the nominal ep interaction point. The direction of the proton beam
defi nes the positive z–axis (forward direction). Transverse momenta are measured in the x–y plane. Polar (θ)
and azimuthal (φ) angles are measured with respect to this reference system. The pseudorapidity is defi ned as
η = − log tan(θ/2).
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1 Introduction
In this paper we describe the first measurement of multi–electron production at high transverse
momentum (PT ) in electron1–proton interactions at HERA. Within the Standard Model (SM),
the production of multi–lepton events in ep collisions proceeds mainly through photon–photon
interactions; photons radiated from the incident electron and proton interact to produce a pair of
leptons, γγ → ℓ+ℓ− [1]. At large invariant masses, multi–lepton production may be sensitive to
new phenomena, for instance the production of a doubly charged Higgs boson [2] or processes
involving bileptons, generic bosons carrying two units of lepton number [3].
The analysis presented here is based on data recorded in 1994–2000 by the H1 experiment.
Electrons of 27.6 GeV collided with protons of 820 or 920 GeV, corresponding to centre–of–
mass energies
√
s of 301 GeV or 319 GeV, respectively. The total integrated luminosity of
115.2 pb−1 consists of 36.5 pb−1 of e+p collisions recorded at
√
s = 301 GeV and 65.1 pb−1
recorded at 319 GeV, as well as 13.6 pb−1 of e−p collisions recorded at
√
s = 319 GeV. A related
study of muon pair production is presented in [4].
2 Standard Model Processes and their Simulation
The main SM processes contributing to multi–electron production at HERA are summarised in
figure 1. The dominant contribution, shown in diagram 1a, is due to electron pair production
through the interaction of two photons radiated from the incident electron and proton. Electron
pairs can also originate from internal conversion of a photon (γ) or a Z0 boson, radiated either
from the electron line (diagram 1b) or from the quark line (diagram 1c). The pole due to the
electron propagator in diagrams 1a and 1b corresponds to an e+e− interaction in which one
of the electrons is emitted from a photon radiated from the proton. This mechanism is called
the Cabibbo–Parisi process. Its contribution is one order of magnitude lower than the photon-
photon contribution, except at high transverse momentum, where it is more significant due to s-
channel Z0 boson production (diagram 1b). In diagram 1c, the pole due to the quark propagator
corresponds to the Drell–Yan process, qq¯ → e+e−. Its contribution is small compared with the
photon–photon and Cabibbo–Parisi processes [5].
If the photon coupled to the incoming electron has a high virtuality, the incident electron
can scatter through a large angle and with high transverse momentum. If the scattered electron
is observed in the detector, it is indistinguishable from the pair–produced electron of the same
charge.
The Monte Carlo generator GRAPE [6] simulates lepton pair production in ep collisions
using the full set of electroweak matrix elements at the tree level, with the exception of the
Drell-Yan pole contribution. GRAPE is based on the automatic Feynman graphs calculation
program GRACE [7]. Initial and final state radiation processes (QED and QCD parton showers)
are simulated in the leading log approximation. The production of τ lepton pairs and their
subsequent electronic decay is also simulated with GRAPE and composes about 2% of the
multi–electron event sample. The Drell–Yan contribution is simulated using the PYTHIA [8]
1In this paper the term “electron” is used generically to refer to both electrons and positrons.
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In the region of angular overlap between the liquid argon calorimeter and the central drift
chambers (20◦ < θ < 150◦), the calorimetric electron identification is complemented by track-
ing conditions. In this region it is required that a high quality track be geometrically matched to
the electromagnetic cluster with a distance of closest approach to the cluster centre of gravity
of less than 12 cm. The starting radius of the measured track, defined as the distance between
the first measured point in the central drift chambers and the beam axis, is required to be be-
low 30 cm in order to reject photons that convert in the central tracker material beyond this
radius. The transverse momentum of the associated track P etkT and the calorimetric transverse
momentum P eT are required to satisfy the condition 1/P
etk
T − 1/P eT < 0.02 GeV−1. No other
high quality track is allowed within 0.5 units in η − φ of the electron direction. These addi-
tional constraints strongly reduce the contribution of fake electrons from misidentified photons
and hadrons. The resulting electron finding efficiency is 88%. Electrons selected in this polar
angular range are called “central electrons”hereinafter.
Due to the higher material density in the forward region (5◦ < θ < 20◦) the electrons are
more likely to shower and therefore no track conditions are required. The same applies in the
backward region (150◦ < θ < 175◦). The forward electron energy threshold is raised to 10 GeV
in order to reduce the number of fake electrons arising from hadrons in DIS events.
The final multi–electron event selection requires that there be two central electron candi-
dates, of which one must have P eT > 10 GeV and the other P eT > 5 GeV. Additional electron
candidates are identified in the central and backward regions with Ee > 5 GeV and in the for-
ward region with Ee > 10 GeV. The electron candidates are ordered according to decreasing
PT , P
ei
T > P
ei+1
T .
The selected events are classified as “2e” if only the two central electron candidates are
identified and “3e” if exactly one additional electron candidate is identified. A subsample of
the “2e”sample, labelled “γγ”, is selected in order to measure the pair production cross section
in a well defined phase space region dominated by photon–photon collisions with low back-
ground. In this subsample, the two electrons must be of opposite charge and a significant deficit
compared to the initial state must be observed in the difference E−Pz of the energy and longi-
tudinal momentum of all visible particles (E − Pz < 45 GeV) 4. These two conditions ensure
that the incident electron is lost in the beam pipe after radiating a quasi–real photon of squared
four–momentum Q2 lower than 1 GeV2.
4.2 Background studies
DIS and Compton processes can contribute to the selected multi–electron sample if a photon or
a particle from the hadronic final state is misidentified as an electron. In order to quantify the
uncertainty on the background prediction and test the performance and reliability of the electron
identification procedure, several samples in which these background processes are enhanced are
studied.
4For fully contained events or events where only longitudinal momentum along the proton direction (+z) is
undetected, one expects E − Pz = 2E0e = 55.2 GeV, where E0e is the energy of the incident electron. If the
scattered electron is undetected, the threshold E−Pz < 45 GeV corresponds to a cut on the fractional energy loss
y = (E − Pz)/2E
0
e < 0.82.
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radius of 22 cm. The angular range 37◦ < θ < 144◦ is covered by both chambers. The inner
drift chamber provides full acceptance for particles in the range 22◦ < θ < 159◦. Particles at
θ = 20◦ cross 83% of its acceptance region. Transverse momenta (PT ) are determined from
the curvature of the particle trajectories in a magnetic field of 1.15 Tesla. The central tracking
system provides transverse momentum measurements with a resolution of σPT /P 2T = 5× 10−3
GeV−1. The tracking is complemented in the region 7◦ < θ < 25◦ by a system of drift chambers
perpendicular to the beam axis.
Hadronic and electromagnetic final state particles are absorbed in a highly segmented liquid
argon calorimeter [18] covering the range 4◦ < θ < 153◦. The calorimeter is 5 to 8 hadronic in-
teraction lengths deep, depending on the polar angle and has an electromagnetic section which
is 20 to 30 radiation lengths deep. Electromagnetic shower energies are measured with a pre-
cision of σ(E)/E = 12%/
√
E/GeV ⊕ 1% and hadronic shower energies with a precision of
σ(E)/E = 50%/
√
E/GeV⊕2%, as measured in test beams [19]. The electromagnetic energy
scale is known to 0.7% in the central region and to 3% in the forward region. The hadronic
energy scale is known to 2%.
In the backward region, energy measurements are provided by a lead/scintillating–fibre
calorimeter3 [20] covering the range 155◦ < θ < 178◦. The calorimeter system is surrounded
by a superconducting coil with an iron yoke which is instrumented with streamer tubes. The
electron and photon taggers located downstream of the interaction point in the electron beam
direction are used to determine the luminosity through the measurement of the Bethe-Heitler
ep→ eγp process.
The trigger used relies on the liquid argon calorimeter signals and has an efficiency which
is greater than 95% for events in which an electron of energy above 10 GeV is detected.
4 Data Analysis
4.1 Multi–electron event selection
The multi–electron event selection is based on a procedure which is designed to minimise the
contribution of fake electrons, while keeping a high efficiency for identifying true electrons and
allowing reliable monitoring of the overall selection efficiency.
As a first step, electron candidates with energies above 5 GeV are identified in the liquid
argon and backward calorimeters, in the range 5◦ < θ < 175◦. Electromagnetic showers are
identified with an efficiency of better than 98% using pattern recognition algorithms based on
the geometric profiles expected for electrons. The remaining calorimeter clusters are attributed
to hadronic activity and are combined into jets using an inclusive kT algorithm [21], with a
minimum jet transverse momentum of 4 GeV. Electron candidates are required to be isolated by
demanding that they are separated from other electrons or jets by at least 0.5 units in the η − φ
plane. In addition, the total hadronic energy within 0.75 units in η − φ of the electron direction
is required to be below 2.5% of the electron energy.
3This device was installed in 1995, replacing a lead–scintillator “sandwich” calorimeter [17].
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The theoretical uncertainty on the pair production process cross section, calculated with
GRAPE, is 3%, as explained in section 2. The uncertainty on the Compton and DIS background
contributions is 20%, deduced from the studies presented in section 4.2.
The error on the event yields predicted by GRAPE (section 5.1) contains all measurement
and theoretical errors added in quadrature. The uncertainty on the total SM prediction also
includes the errors on the Compton and DIS backgrounds.
The error on the extracted cross sections (section 5.2) includes all measurement and back-
ground errors as described above. Theoretical errors are applied to the GRAPE prediction of
the cross sections.
5 Results
5.1 Multi–electron event samples
The multi–electron event yields are summarised in table 1. The observed numbers of “2e” and
“3e” events are in agreement with the expectations, as is the number of events in the “γγ”
sample. No event is found with four or more identified electrons.
The distributions of longitudinal momentum balance E−Pz, missing transverse momentum
PmissT and hadronic transverse momentum P hadronsT are presented in figure 3. The “3e” events
accumulate at E − Pz values around 55 GeV, as expected if the scattered electron is visible in
the detector. The “2e” events show a tail at lower E − P z, due to the scattered electron being
lost in the beam pipe, corresponding to the dominant γγ topology. The missing transverse
momentum PmissT is taken to be the modulus of the vector sum of the transverse momenta of
all visible particles. The PmissT distributions are consistent with the expectation for no emission
of undetected particles with substantial transverse momentum. The spectrum of the transverse
momentum P hadronsT of all visible particles except identified electrons is also well described by
the SM prediction.
The distributions of the individual electron transverse momenta P eiT are steeply falling as
shown in figure 4. The “2e” and “3e” samples are in good overall agreement with the SM,
except for three “2e” events with P e1T above 50 GeV, where the SM expectation is small.
The distribution of the invariant mass of the two highest PT electrons in the event (M12)
and the correlation with the scalar sum P e1T + P
e2
T are shown in figure 5. The agreement with
the SM prediction is good at low M12. However, three “2e” and three “3e” events are seen
with invariant masses M12 above 100 GeV, where the SM expectation is small. The three “2e”
events are the same as those observed at high P e1T . The invariant masses M13, M23 and M123
of the other possible electron combinations in the “3e” sample are shown in figure 6. No event
is seen with an unexpectedly high M13 or M23. The three high M12 events also give rise to
the largest tri–electron masses M123. The comparison of the observed events with masses M12
above 100 GeV with the SM expectations is presented in table 2. These events are discussed in
detail in section 5.3.
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• Electron misidentification in the central region is investigated by measuring the probabil-
ity of selecting a second electron in addition to the scattered electron in DIS candidate
events when the track quality criteria are relaxed. From a sample of 244980 DIS candi-
dates, 1563 events with a second electromagnetic central cluster are selected if no tracking
conditions are applied to this cluster. The fake electrons are predominantly photons from
DIS or Compton events (figure 2a). This contribution is greatly reduced by requiring a ge-
ometrical track–cluster match (figure 2b). The remaining sample consists of 250 events.
The fake electron background is described by the simulation at the 20% level.
• Electron misidentification in the forward region affects only the “3e”selection. The dom-
inant contribution to this background is the misidentification of a hadron as an electron.
The fake electron background in this region is studied with the DIS event sample in an
analysis similar to that described above. Fake electrons in the forward region are also
searched for in an inelastic Compton event sample with one electron and one photon in
the central region. The fake electron background in the forward region is described by
the simulation at the 20% level.
• Detailed studies of photon conversions are performed using a sample enriched with elastic
Compton events, selected by requiring one central electron plus a second central electro-
magnetic cluster (photon candidate) and no significant additional energy in the calorime-
ters. Distributions of the charged tracks associated with the photon candidate are shown
in figures 2c and 2d. The number of tracks (figure 2c) and their starting radius (fig-
ure 2d) are well reproduced by the simulation. In figure 2d, the central tracker structure
is visible as peaks in the distribution, corresponding to photon conversions in the tracker
walls. The first peak is populated by tracks associated with true electrons and by tracks
from conversions which occur before the active tracker volume. The second peak is due
to photon conversions in the dead material between the inner and outer central trackers.
These conversions are described by the simulation to better than 20%.
Based on those studies, the uncertainty on the background simulation is estimated to be 20%.
4.3 Systematic uncertainties
The systematic uncertainties are related to the measurement of the electron pair production
process, to the theoretical description of this process and to the background simulation.
The main measurement uncertainty is due to the tracking conditions in the electron iden-
tification procedure. The electron track association efficiency is measured with a DIS sample
selected with E − Pz > 45 GeV and a single electromagnetic cluster in the calorimeter with a
transverse momentum above 10 GeV in the polar angle interval 20◦ < θ < 150◦. The measured
average track association efficiency is 90% and varies only slightly with the track momen-
tum and polar angle. This efficiency, measured to a precision ranging from 3% for polar angles
around 90◦ to 15% at the forward edge of the angular acceptance of the central tracker (θ = 20◦),
is well described by the simulation. Uncertainties on the energy scales of the calorimeters, on
the trigger efficiency and on the luminosity measurement are also taken into account. The total
measurement uncertainty is typically 7% for the “2e” selection and 10% for the “3e”selection.
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close to electron e2. With the exception of event 6, which has a high energy forward hadronic
jet, the events show no hadronic activity in the detector. It should be noted that the high mass
di–electron topology differs for the observed events classified as “2e” and “3e”. In the former
case, the high–mass is formed from two central high–PT electrons, whereas in the latter it is
formed from one forward and one central electron, both of intermediate PT (figure 5).
The event kinematics of the six high mass events are presented in table 4. The electron
energy, electron polar angle and forward and backward electron azimuthal angles are mea-
sured from the calorimetric deposits. For the central electrons, the azimuthal angle is measured
from the associated track, which yields a better precision. The electric charge of the electrons,
measured in the central region from the associated track curvature, is given in table 4 if the sig-
nificance of its determination exceeds two standard deviations. All events are compatible with
the presence of one e− and two e+ in the final state, as expected from pair production process.
Imposing longitudinal and transverse momentum conservation, a constrained fit can be per-
formed to improve the kinematic measurement. This corresponds to an adjustment of particle
observables (energy, polar and azimuthal angles) within experimental errors in order to achieve
E − Pz = 55.2 GeV and PmissT = 0 GeV. In event 2 only two electrons are visible and the
measured E − Pz value is significantly lower than 55 GeV. For this event it is supposed that
the scattered electron has escaped down the beampipe and therefore the E − Pz constraint is
removed in the kinematic fit. The M12 values obtained from the kinematic fit are indicated in ta-
ble 4. They are consistent with the direct measurements. The errors are reduced by more than a
factor of two with the exception of event 2. The χ2 per degree of freedom of the kinematic fit is
in the range 0.7 to 1.7 for the six events, showing that the kinematics of the six high mass events
are well understood within the measurement errors. The M12 values are incompatible with the
interpretation of the six high mass electron pairs as the decay of a single narrow resonance. The
same is true for the M123 values in the “3e” high mass events.
6 Summary
High–PT multi–electron production is measured for the first time in ep scattering at HERA.
The di–electron and tri–electron event yields are in good overall agreement with the SM pre-
dictions. No events are observed with more than three identified electrons, again in agreement
with the SM expectation. Differential cross sections for electron pair production are extracted
in a restricted phase space region dominated by photon–photon interactions and are found to
agree with the predictions.
Within the di– and tri–electron samples, the invariant mass of the two electrons with the
highest transverse momenta is studied. For masses above 100 GeV, three events classified as di–
electrons and three events classified as tri–electrons are observed, compared to SM expectations
of 0.30± 0.04 and 0.23± 0.04, respectively.
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5.2 Cross section measurement
Using the selected “γγ” sample, electron pair production cross sections are measured in the
kinematic region defined by
20◦ < θe1,2 < 150◦, P e1T > 10 GeV, P
e2
T > 5 GeV, y < 0.82, Q
2 < 1 GeV2 .
For this measurement, the data samples collected at
√
s=301 GeV and 319 GeV are combined
taking into account their respective luminosities. Assuming a linear dependence of the cross
section on the proton beam energy, as predicted by the SM, the resulting cross section corre-
sponds to an effective
√
s = 313 GeV.
After background subtraction, the observed number of events is corrected for acceptance
and detector effects to obtain the cross section. The generator GRAPE is used to calculate the
detector acceptance A for this region of phase space. The acceptance accounts for detection
efficiencies and migrations. The cross section is thus
σ =
Ndata − Nbgd
LA ,
where Ndata is the number of events observed, Nbgd is the number of events expected from
background processes (DIS and Compton) andL is the integrated luminosity of the data sample.
The ep→ ee+e−X cross section, integrated over the phase space defined above, is
σ = (0.59± 0.08± 0.05) pb,
where the first error is statistical and the second systematic, obtained as described in section 4.2.
This result agrees well with the SM expectation of (0.62 ± 0.02) pb, calculated with GRAPE.
The differential cross sections as a function of P e1T , M12 and P hadronsT are shown in figure 7 and
table 3. The measurements are in good agreement with the expected cross sections.
5.3 Discussion of high mass events
All six events with M12 > 100 GeV were recorded during positron–proton collisions. For these
events, displayed in figure 8, all available detector information supports the interpretation of the
electron candidates as being true electrons. The electromagnetic shower shapes are checked in-
dividually and found to be similar to those expected from the calorimeter response to electrons.
All central tracks yield a specific ionisation in the central drift chamber as expected for single
electrons. The measurements of the central electron momenta by the tracker and the calorimeter
are compatible within errors. The forward electron candidates in the “3e” events 4, 5 and 6 all
have at least one track pointing to the calorimetric energy cluster, although no such requirement
is made in the identification procedure.
Although classified as “2e”, event 1 also contains a third electron candidate with energy
below the identification threshold. Similarly, event 3 has a compact electromagnetic energy
deposit located at the forward boundary of the liquid argon calorimeter, outside the electron
identification fiducial volume. This event also contains a low energy converted photon radiated
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Variable range Measured cross section Pair Production (GRAPE) cross section
[GeV] [pb/GeV] [pb/GeV]
dσ/dP e1T
10 < P e1T < 15 0.092± 0.016± 0.009 0.090± 0.003
15 < P e1T < 20 0.021± 0.008± 0.002 0.023± 0.001
20 < P e1T < 25 0.0053± 0.0037± 0.0007 0.0065± 0.0002
dσ/dM12
15 < M12 < 25 0.030± 0.007± 0.003 0.027± 0.001
25 < M12 < 40 0.015± 0.004± 0.001 0.017± 0.001
40 < M12 < 60 0.0020± 0.0012± 0.0002 0.0026± 0.0001
dσ/dP hadronsT
0 < P hadronsT < 5 0.079± 0.014± 0.009 0.087± 0.003
5 < P hadronsT < 12 0.028± 0.011± 0.002 0.018± 0.001
12 < P hadronsT < 25 0.0032± 0.0023± 0.0005 0.0041± 0.0001
Table 3: Differential cross sections dσ/dP e1T , dσ/dM12 and dσ/dP hadronsT for the process ep→
ee+e−X in a restricted phase space (see text). The differential cross sections are averaged
over the quoted intervals. The first error is statistical and the second is systematic. Theoretical
predictions with GRAPE are also shown.
Figure 1: The main processes involved in lepton pair production. Examples of Feynman di-
agrams are shown for: a) photon–photon interaction; b) and c) γ/Z0 boson conversion. The
hadronic final state (X) can be a proton (elastic process) or a higher mass system (quasi-elastic
and inelastic processes).
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Selection Data SM Pair Production (GRAPE) DIS + Compton
“2e” 108 117.1± 8.6 91.4± 6.9 25.7± 5.2
“3e” 17 20.3± 2.1 20.2± 2.1 0.1± 0.1
“4e”or more 0 0.12± 0.04 0.12± 0.04 < 0.02 (95% C.L.)
”γγ”subsample 42 44.9± 4.2 43.7± 4.2 1.2± 0.4
Table 1: Observed and predicted multi–electron event yields for the samples described in the
text. The analysed data sample corresponds to an integrated luminosity of 115.2 pb−1. The
errors on the predictions include model uncertainties and experimental systematic errors added
in quadrature.
Selection Data SM Pair Production (GRAPE) DIS + Compton
“2e”M 12 > 100 GeV 3 0.30± 0.04 0.21± 0.03 0.09± 0.02
“3e”M 12 > 100 GeV 3 0.23± 0.04 0.23± 0.03 < 0.02 ( 95% C.L.)
Table 2: Observed and predicted multi–electron event yields for masses M12 > 100 GeV for the
samples described in the text. The analysed data sample corresponds to an integrated luminosity
of 115.2 pb−1. The errors on the predictions include model uncertainties and experimental
systematic errors added in quadrature.
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Figure 2: (a and b) Distributions associated with misidentified electrons for a DIS event se-
lection. Transverse momentum spectrum of second electrons identified with either no track
requirement (a) or a loose track requirement (b) compared with expectations. (c and d) Study
of photon conversions using an elastic Compton event selection: number (c) and starting radius
(d) of the tracks associated with the photon candidates compared with expectations.
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Particle E [GeV] θ [degrees] φ [degrees] Charge (signifi cance)
Multi–electron Event 1 (2e)
Run 83507 E − Pz = 54.0 ± 1.1 GeV PmissT =3.1 ± 1.8 GeV
Event 16817 M12 = 111.2± 2.4 GeV M fit12 = 111.3 ± 0.4 GeV
e1 90.3 ± 3.1 36.6 ± 0.2 98.48± 0.05 - (4σ)
e2 53.6 ± 1.4 69.6 ± 0.3 -77.05± 0.05 undetermined
low energy e 4.4 ± 0.3 44.3 ± 0.3 -155.46± 0.03 + (70σ)
Multi–electron Event 2 (2e)
Run 89256 E − Pz = 43.9 ± 0.8 GeV PmissT =1.9 ± 1.8 GeV
Event 224212 M12 = 130.0± 2.6 GeV M fit12 = 129.3 ± 2.4 GeV
e1 132.4± 4.3 28.6 ± 0.1 8.73 ± 0.06 undetermined
e2 82.4 ± 1.8 48.4 ± 0.2 -171.50± 0.03 - (6σ)
Multi–electron Event 3 (2e)
Run 254959 E − Pz = 57.3 ± 1.4 GeV PmissT =3.5 ± 2.0 GeV
Event 17892 M12 = 112.5± 2.4 GeV M fit12 = 109.5 ± 1.0 GeV
e1 96.9 ± 3.3 34.6 ± 0.3 52.66± 0.02 + (10σ)
e2 46.1 ± 1.1 80.1 ± 0.9 -125.62± 0.01 + (15σ)
fwd em cluster 70+100 a
−2 4.5 ± 0.1 -132.7± 1.0 undetermined
photon 1.1 ± 0.1 132.0± 5.5 39.8 ± 7.3 0
a this error includes the uncertainty due to energy loss in the beampipe
Multi–electron Event 4 (3e)
Run 168058 E − Pz = 55.7 ± 1.4 GeV PmissT =1.1 ± 0.8 GeV
Event 42123 M12 = 137.4± 2.9 GeV M fit12 = 138.8 ± 1.2 GeV
e1 35.8 ± 0.9 115.6± 0.9 -5.98± 0.02 + (18σ)
e2 173.0± 5.5 6.6 ± 0.1 -159.1± 0.5 undetermined
e3 44.8 ± 1.7 21.8 ± 0.2 139.10± 0.03 - (12σ)
Multi–electron Event 5 (3e)
Run 192864 E − Pz = 53.8 ± 1.4 GeV PmissT =0.7 ± 0.6 GeV
Event 123614 M12 = 118.1± 2.6 GeV M fit12 = 121.9 ± 0.6 GeV
e1 138.9± 4.5 10.2 ± 0.1 44.1 ± 0.6 undetermined
e2 28.1 ± 0.8 134.7± 0.3 -95.85± 0.01 + (25σ)
e3 35.3 ± 1.5 26.6 ± 0.1 172.71± 0.05 + (5σ)
Multi–electron Event 6 (3e)
Run 267312 E − Pz = 57.4 ± 1.6 GeV PmissT =2.4 ± 0.8 GeV
Event 203075 M12 = 134.7± 3.1 GeV M fit12 = 132.3 ± 1.4 GeV
e1 186.0± 5.9 7.11 ± 0.05 -71.3 ± 0.4 undetermined
e2 25.5 ± 0.8 148.8± 0.2 120.25± 0.02 + (32σ)
e3 8.5 ± 0.5 69.7 ± 0.3 164.90± 0.01 + (57σ)
hadronsb 123.2± 6.7 6.1 ± 1.1 53.5 ± 1.1
b mass of the visible hadronic system: 24.0 ± 2.5 GeV
Table 4: Reconstructed kinematics of the six multi-electron events with M12 > 100 GeV (see
text). E is the particle’s energy and θ and φ its polar and azimuthal angles, respectively . The
charges of the electron candidates are also given, if they are measured with a significance of
better than two standard deviations. The six events were recorded in e+p collisions.
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Figure 6: Invariant mass distributions of electron pairs 1-3 and 2-3 (top left and right) and of
the tri–electron system (bottom right) for events classified as “3e”.
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calorimeters are indicated (see text and table 4). The beam positrons enter the detector from the
left and the protons from the right.
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radiation is included. The hadronic final state is simulated via interfaces to PYTHIA [11] and
SOPHIA [12] for the inelastic and quasi-elastic regimes, respectively. GRAPE predicts cross
sections for ep→ e µ+µ−X and ep→ e e+e−X processes, leading to eµµ and eee final states.
Events with only two leptons (µµ, eµ or ee) are observed if the scattered electron or one lepton
of the pair is not detected. The ep → e τ+τ−X process with subsequent leptonic tau decays is
also simulated with GRAPE and its contribution to the studied final states is found to be at most
4%.
Experimental backgrounds to ee and eee final states arise from events in which, in addition
to a genuine electron, one or two fake electrons are reconstructed. Neutral current (NC) deep-
inelastic scattering (DIS) events (ep → eX) in which hadrons or radiated photons are wrongly
identified as electrons constitute the dominant background contribution. QED Compton scatter-
ing ep→ eγX may also contribute if the photon is misidentified as an electron. Background to
the eµ final state may arise from NC DIS events if hadrons are misidentified as muons. The NC
DIS and Compton processes are simulated using the RAPGAP [13] and WABGEN [14] Monte
Carlo (MC) generators, respectively.
Generated events are passed through the full GEANT [15] based simulation of the H1 appa-
ratus, which takes into account the running conditions of the different data taking periods, and
are reconstructed and analysed with the same program chain as is used for the data.
3 Experimental Conditions
A detailed description of the H1 experiment can be found in [16]. Only the detector components
relevant to the present analysis are briefly described here. The origin of the H1 coordinate sys-
tem is the nominal ep interaction point, with the direction of the proton beam defining the posi-
tive z-axis (forward region). Transverse momentum is measured in the xy plane. The pseudora-
pidity η is related to the polar angle θ by η = − ln tan(θ/2). The Liquid Argon (LAr) calorime-
ter [17] covers the polar angle range 4◦ < θ < 154◦ with full azimuthal acceptance. Electromag-
netic shower energies are measured with a precision of σ(E)/E = 12%/
√
E/GeV ⊕ 1% and
hadronic energies with σ(E)/E = 50%/
√
E/GeV⊕2%, as measured in test beams [18,19]. In
the backward region, energy measurements are provided by a lead/scintillating-fiber (SpaCal)
calorimeter [20] covering the range 155◦ < θ < 178◦. The central (20◦ < θ < 160◦) and for-
ward (7◦ < θ < 25◦) inner tracking detectors are used to measure charged particle trajectories,
to reconstruct the interaction vertex and to complement the measurement of hadronic energies.
The LAr calorimeter and inner tracking detectors are enclosed in a super-conducting magnetic
coil with a field strength of 1.16 T. From the curvature of charged particle trajectories in the
magnetic field, the central tracking system provides transverse momentum measurements with
a resolution of σPT /PT = 0.005PT/GeV ⊕ 0.015 [21]. The return yoke of the magnetic coil is
the outermost part of the detector and is equipped with streamer tubes forming the central muon
detector (4◦ < θ < 171◦).
The luminosity is determined from the rate of the Bethe-Heitler process ep → epγ, mea-
sured using a photon detector located close to the beam pipe at z = −103 m, in the backward
direction.
5
1 Introduction
Within the Standard Model (SM) the production of multi-lepton events in electron1–proton
collisions proceeds mainly via photon–photon interactions, γγ → ℓ+ℓ−, where photons are
radiated from the incident beam particles [1]. The clean experimental signature and the pre-
cise SM prediction of this process provide a high sensitivity to searches for new phenomena
producing multi-lepton final states. For example, the production of a doubly charged Higgs
boson [2, 3] or processes involving generic bosons carrying two units of lepton number (bilep-
tons) [4], could lead to multi-lepton events of large invariant mass. Measurements of both multi-
electron [5] and muon pair [6] production at high transverse momentum (PT ) have already been
performed by the H1 Collaboration using a data sample corresponding to an integrated lumi-
nosity of 115 pb−1. Events with high invariant massM12 of the two highest PT electrons were
measured. Three events with two electrons and three events with three electrons were observed
in the regionM12 > 100 GeV, where the SM prediction is low [5].
In the present paper a measurement of multi-lepton production at high PT using the complete
e±p HERA collider data of the H1 experiment is presented. The data are recorded at electron
and proton beam energies of 27.6 GeV and 820 GeV or 920 GeV, corresponding to centre-of-
mass energies
√
s of 301 GeV or 319 GeV, respectively. The total integrated luminosity of
the data is 463 pb−1, which represents a factor of four increase with respect to the previous
published results. The data comprise 178 pb−1 recorded in e−p collisions and 285 pb−1 in e+p
collisions, of which 35 pb−1 were recorded at
√
s = 301 GeV. While previous measurements
were performed mainly using e+p data, an e−p data set with more than a ten-fold increase in
integrated luminosity is now analysed. The current analysis is extended with respect to those
presented in [5, 6], such that all event final states with at least two high PT leptons, electrons
(e) or muons (µ), are now investigated. In addition, differential cross sections of the production
of e+e− and µ+µ− pairs are measured in a restricted phase space dominated by photon-photon
collisions.
2 Standard Model Processes and their Simulation
Multi-lepton events are simulated with the GRAPE [7] generator, which includes all elec-
troweak matrix elements at tree level. The production mechanisms include γγ, γZ, ZZ in-
teractions, internal photon conversion and the decay of virtual or real Z bosons. Different
approaches for the cross section calculation are followed depending on the virtuality Q2 of the
photon coupled to the proton and on the massW of the hadronic final state. In the elastic region,
ep→ e ℓ+ℓ−p, the proton vertex is described in terms of dipole form factors. The quasi-elastic
domain is defined by W < 5 GeV or Q2 < 1 GeV2. In the region W < 2 GeV, a resonance
parametrisation [8] is used for the proton vertex. In the remaining quasi-elastic phase space,
a fit to photoproduction and deep inelastic scattering data is used [9]. In the inelastic regime,
corresponding to electron-quark interactions with W > 5 GeV and Q2 > 1 GeV2, proton par-
ton densities taken from the CTEQ5L [10] parametrisation are used. Initial and final state QED
1In this paper the term “electron” is used generically to refer to both electrons and positrons, if not otherwise
stated.
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reconstructed [24, 25]. Jets are reconstructed from these combined cluster-track objects using
an inclusive kT algorithm [26,27] with a minimum transverse momentum of 2.5 GeV.
4.2 Event Selection
In order to remove background events induced by cosmic rays and other non-ep sources, the
event vertex is required to be reconstructed within 35 cm in z of the nominal interaction point.
In addition, to remove non-ep background topological filters and timing vetoes are applied.
Multi-lepton events are selected by requiring at least two central (20◦ < θ < 150◦) elec-
tron or muon candidates, of which one must have P ℓT > 10 GeV and the other P
ℓ
T > 5 GeV.
Additional lepton candidates are identified in the detector according to the criteria defined in
section 4.1. All lepton candidates are required to be isolated with respect to each other by a min-
imum distance in pseudorapidity-azimuth of R > 0.5. Lepton candidates are ordered according
to decreasing transverse momentum, P ℓiT > P
ℓi+1
T . Final states with all possible combinations
of lepton candidates are investigated. Selected events are classified into independent samples
according to the flavour and the number of lepton candidates (e.g. ee, eµ, eµµ).
In order to measure the lepton pair production cross section in a well defined region of phase
space, sub-samples of ee and µµ events dominated by photon-photon collisions are selected,
labelled (γγ)e and (γγ)µ, respectively. In these subsamples the two leptons are required to be
of opposite charge and a significant deficit compared to the initial state must be observed in
the difference2 E − Pz of the energy and the longitudinal momentum of all visible particles,
E − Pz < 45 GeV. These two conditions ensure that the incident electron is lost in the beam
pipe after radiating a quasi-real photon of squared four-momentum Q2 lower than 1 GeV2.
4.3 Systematic Uncertainties
The following experimental systematic uncertainties are considered:
• The uncertainty on the electromagnetic energy scale varies depending on the polar angle
from 0.7% in the backward and central region to 2% in the forward region. The polar
angle measurement uncertainty of electromagnetic clusters is 3 mrad. The identification
efficiency of electrons is known with an uncertainty of 3 to 5%, depending on the polar
angle.
• The scale uncertainty on the transverse momentum of high PT muons is 2.5%. The un-
certainty on the reconstruction of the muon polar angle is 3 mrad. The identification
efficiency of muons is known with an uncertainty of 5%.
• The hadronic energy scale is known within 2% at high transverse momentum and 5% for
events with a total hadronic transverse momentum below 8 GeV.
2For fully contained events or events where only longitudinal momentum along the proton direction (+z) is
undetected, one expects E − Pz = 2E
0
e = 55.2 GeV, where E
0
e is the energy of the incident electron. If the
scattered electron is undetected, the threshold E−Pz < 45 GeV corresponds to a cut on the fractional energy loss
y = (E − Pz)/2E
0
e < 0.82.
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Events having an electromagnetic deposit in the LAr with an energy greater than 10GeV are
detected by the LAr trigger with an efficiency close to 100% [22]. The muon trigger is based on
single muon signatures from the central muon detector, combined with signals from the central
tracking detector. The trigger efficiency is about 90% for di-muon events with muon transverse
momenta larger than 10 and 5 GeV. A combination of the LAr and muon triggers is used if an
electron and a muon are both present in the final state, resulting in an efficiency close to 100%
for electron and muon transverse momenta above 5 GeV.
4 Data Analysis
4.1 Particle Identification
Electron candidates are identified in the polar angle range 5◦ < θ < 175◦ as a compact and
isolated electromagnetic shower in either the LAr or SpaCal calorimeter. The electron energy
and angular direction are measured by the calorimeters. The electron energy threshold is 5 GeV
in the polar angle range 20◦ < θ < 175◦ and is raised to 10 GeV in the forward region (5◦ <
θ < 20◦). The calorimetric energy measured within a distance in the pseudorapidity-azimuth
(η − φ) plane R =
√
∆η2 +∆φ2 < 0.75 around the electron is required to be below 2.5% of
the electron energy. In the region of angular overlap between the LAr and the central tracking
detectors (20◦ < θ < 150◦), hereafter referred to as the central region, the calorimetric electron
identification is complemented by tracking information. In this region it is required that a
well measured track geometrically matches the centre-of-gravity of the electromagnetic cluster
within a distance of closest approach of 12 cm. The electron is required to be isolated from
any other well measured track by a distance R > 0.5 to the electron direction. Furthermore,
the distance from the first measured track point in the central drift chambers to the beam axis
is required to be below 30 cm in order to reject photons that convert late in the central tracker
material. In addition, in the central region the transverse momentum of the associated electron
track P etkT is required to match the calorimetric measurement P
e
T such that 1/P
etk
T − 1/P eT <
0.02 GeV−1 in order to reject hadronic showers. Due to a lower track reconstruction efficiency
and higher showering probability, no track conditions are required for electron candidates in
the forward (5◦ < θ < 20◦) and backward (150◦ < θ < 175◦) regions. In these regions,
no distinction between electrons and photons is made. The resulting electron identification
efficiency is 80% in the central region and larger than 95% in the forward and backward regions.
Muon candidates are identified in the polar angle range 20◦ < θ < 160◦ with a minimum
transverse momentum of 2 GeV. Muon identification is based on the measurement of a track in
the inner tracking systems associated with a track segment or an energy deposit in the central
muon detector [6, 23]. The muon momentum is measured from the inner track curvature in the
solenoidal magnetic field. A muon candidate should have no more than 3.5 GeV deposited in a
cylinder, centred on the muon track direction, of radius 25 cm and 50 cm in the electromagnetic
and hadronic sections of the LAr calorimeter, respectively. Misidentified hadrons are strongly
suppressed by requiring that the muon candidate be separated from any jet and from any track
by R > 1. The efficiency to identify muons is ∼ 90%.
Calorimeter energy deposits and tracks not previously identified as electron or muon can-
didates are used to form combined cluster-track objects, from which the hadronic energy is
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The results for e+p and e−p data are shown separately in table 2. The di-lepton (ee, eµ and
µµ) and tri-lepton (eee and eµµ) events at high mass M12 > 100 GeV are all observed in e
+p
collisions whereas no such event is observed in the e−p data.
The topology of the multi-lepton events can be further investigated using the scalar sum of
the lepton transverse momenta
∑
PT . This variable indicates the “hardness” of the event and
also offers a good sensitivity for new physics searches [28]. Figure 3 presents the correlation
between
∑
PT and the invariant massM12, separately for di-lepton and tri-lepton events. It can
be seen that tri-lepton events may have a largeM12 but only intermediate
∑
PT . In such cases,
the high mass is formed by one forward and one backward lepton. However, for di-lepton event
classes highM12 values also imply a large
∑
PT .
The quantity
∑
PT can be used to select the most energetic events and allows the combina-
tion of different topologies of di-lepton and tri-lepton events with electrons and muons. Figure 4
presents the distributions of
∑
PT of the observed multi-lepton events compared to the SM ex-
pectation. A good overall agreement between the data and the SM prediction is observed. For∑
PT > 100 GeV, five events are observed in total, compared to 1.60 ± 0.20 expected from
the SM (see table 3). These five events were all recorded in the e+p data, for which the SM
expectation is 0.96 ± 0.12. Furthermore, the events correspond to the three ee and the two eµµ
events observed withM12 > 100 GeV.
5.2 Cross Section Measurements
Cross sections of the production of electron and muon pairs from photon-photon collisions are
measured using the selected (γγ)e and (γγ)µ samples. The kinematic domain of the measure-
ment is defined by 20◦ < θℓ1,2 < 150◦, P ℓ1T > 10 GeV, P
ℓ2
T > 5 GeV, Q
2 < 1 GeV2 and
y < 0.82. The data samples collected at
√
s = 301 GeV and 319 GeV are combined taking
into account their respective luminosities. Assuming a linear dependence of the cross section
on the proton beam energy, as predicted by the SM, the resulting cross section corresponds
to an effective
√
s = 318 GeV. The total numbers of observed (γγ)e and (γγ)µ events are in
agreement with the SM expectations, as summarised in table 1. In the (γγ)e sample, the contam-
ination from NC DIS and QED Compton background events is 2%. No significant background
is present in the (γγ)µ sample.
The cross section is evaluated in each bin i using the formula
σi =
Ndatai −Nbgri
L · Ai
, (1)
where Ndatai is the number of observed events in bin i, N
bgr
i the expected contribution from
background processes in bin i, L the integrated luminosity of the data and Ai the signal accep-
tance in bin i. The signal acceptance is calculated using GRAPE MC events, as the ratio of the
number of events reconstructed in bin i divided by the number of events generated in the same
bin. It accounts for detection efficiencies and migrations between bins. The mean signal accep-
tance is 45% for ep → e e+e−X events and 60% for ep → e µ+µ−X events. The systematic
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• The uncertainty on the trigger efficiency is estimated to be 3% if at least one electron
candidate is detected, and 6% if only muons are present in the final state.
• The luminosity measurement has an uncertainty of 3%.
The effect of the above systematic uncertainties on the SM expectation is determined by
varying the experimental quantities by ±1 standard deviation in the MC samples and propagat-
ing these variations through the whole analysis chain.
Additional model systematic uncertainties are attributed to the SM Monte Carlo generators
described in section 2. The theoretical uncertainty on the lepton pair production cross section
calculated with GRAPE is 3%. The uncertainty on the QED Compton and NC DIS back-
ground is 20%, as deduced from dedicated studies [5]. The total error on the SM prediction
is determined by adding the effects of all model and experimental systematic uncertainties in
quadrature.
5 Results
5.1 Multi–Lepton Event Samples
The observed event yields are summarised in table 1. Only classes for which at least one data
event is selected are shown. In all other classes, no event is observed and the SM prediction is
also negligible. The observed numbers of events are in good agreement with the SM expecta-
tions. The eee and ee channels are dominated by electron pair production. The eµµ, µµ and eµ
channels contain mainly events from muon pair production. The eµ channel is populated if the
scattered electron and only one muon of the pair is selected. Four data events are classified as
eeµ compared to a SM expectation of 1.43 ± 0.26, dominated by the production of muon pair
events where one muon is lost and the second electron candidate is due to a radiated photon.
One event with four electron candidates is observed compared to a prediction of 0.33 ± 0.07.
According to MC simulations, this signature is due to tri-electron events with a radiated photon.
The distributions of the invariant mass M12 of the two highest PT leptons for the eee and
eµµ samples are shown in figures 1(a) and (b), respectively. The distributions of the invariant
massM12 of the two leptons in the di-lepton event classes are presented in figures 1(c), (d) and
(e). An overall agreement with the SM prediction is observed in all cases.
High invariant mass events (M12 > 100 GeV) are observed in the data. The corresponding
observed and predicted event yields are summarised for all channels in table 2. The three ee,
three eee and one µµ high mass events have already been discussed extensively in previous H1
publications [5, 6]. No additional events in these classes are observed in the new data. One eµ
and two eµµ high mass events are observed in the new data. The eµµ event with the largest
invariant mass M12 = 127 ± 10 GeV is presented in figure 2. In this event, M12 is formed by
the electron and the highest PT muon. In the other eµµ event,M12 is formed by the two muons.
No eeee or eeµ event is observed with a di-lepton invariant mass above 100 GeV, in agreement
with the corresponding SM expectations below 0.01.
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error of the measured cross section is determined by repeating the analysis after applying the
appropriate variations to the MC for each systematic source, as described in section 4.3.
The measured ep → e e+e−X cross section integrated over the phase space defined above
is σ = 0.67 ± 0.06 ± 0.05 pb, where the first error is statistical and the second systematic.
The measured cross section for muon pair production, ep → e µ+µ−X , in the same phase
space is σ = 0.63 ± 0.05 ± 0.09 pb. The results are in agreement with the SM expectation
of 0.63 ± 0.02 pb calculated using the GRAPE generator. Combining the di-electron and di-
muon samples, an average lepton pair production cross section of σ = 0.65± 0.04± 0.06 pb is
measured.
The differential cross sections of lepton pair production as a function of the transverse mo-
mentum of the leading lepton P ℓ1T , the invariant mass of the lepton pair Mℓℓ and the hadronic
transverse momentum PXT are listed for each sample in table 4 and shown in figure 5 for the
combined electron and muon samples. The measurements are in good agreement with the SM
cross sections.
6 Conclusion
The production of multi-lepton (electron or muon) events at high transverse momenta is studied
in e+p and e−p scattering. The full e±p data sample collected by the H1 experiment at HERA
with an integrated luminosity of 463 pb−1 is analysed. The yields of di-lepton and tri-lepton
events are in good agreement with the SM predictions. In each sample distributions of the
invariant massM12 of the two highest PT leptons and of the scalar sum of the lepton transverse
momenta
∑
PT are studied and found to be in good overall agreement with the SM expectation.
Events are observed in the di-lepton and tri-lepton channels with high invariant masses
M12 above 100 GeV. All such events are observed in e
+p collisions. Five of them have a∑
PT > 100 GeV, whereas the corresponding SM expectation for e
+p collisions is 0.96±0.12.
Differential cross sections for electron and muon pair production are measured in a restricted
phase space dominated by photon-photon interactions. The measured cross sections are in
agreement with the SM expectations.
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Multi-Leptons at HERA (463 pb−1)
Selection Data SM Pair Production (GRAPE) NC DIS + Compton
ee 368 390± 46 332± 26 58± 30
µµ 201 211± 32 211± 32 < 0.005
eµ 132 128± 9 118± 8 10.0± 2.5
eee 73 70± 7 69.8± 7.0 0.2± 0.1
eµµ 97 102± 14 102± 14 < 0.005
eeµ 4 1.43± 0.26 1.18± 0.20 0.25± 0.14
eeee 1 0.33± 0.07 0.33± 0.07 < 0.005
(γγ)e 146 138± 12 135± 11 3.0± 1.0
(γγ)µ 163 162± 24 162± 24 < 0.005
Table 1: Observed and predicted event yields for the different event classes. The errors on the
predictions include model uncertainties and experimental systematic errors added in quadra-
ture. The limits on the background estimations correspond to the selection of no event in the
simulated sample and are quoted at 95% confidence level.
Multi-Leptons at HERA (463 pb−1)
M12 >100 GeV
Selection Data SM Pair Production (GRAPE) NC DIS + Compton
All data (463 pb−1)
ee 3 1.34± 0.20 0.83± 0.11 0.51± 0.13
µµ 1 0.17± 0.07 0.17± 0.07 < 0.005
eµ 1 0.59± 0.06 0.59± 0.06 < 0.005
eee 3 0.66± 0.09 0.66± 0.09 < 0.005
eµµ 2 0.16± 0.05 0.16± 0.05 < 0.005
e+p collisions (285 pb−1)
ee 3 0.76± 0.11 0.49± 0.07 0.27± 0.07
µµ 1 0.10± 0.04 0.10± 0.04 < 0.005
eµ 1 0.35± 0.04 0.35± 0.04 < 0.005
eee 3 0.39± 0.05 0.39± 0.05 < 0.005
eµµ 2 0.09± 0.03 0.09± 0.03 < 0.005
e−p collisions (178 pb−1)
ee 0 0.58± 0.09 0.34± 0.04 0.24± 0.07
µµ 0 0.07± 0.03 0.07± 0.03 < 0.005
eµ 0 0.24± 0.03 0.24± 0.03 < 0.005
eee 0 0.27± 0.04 0.27± 0.04 < 0.005
eµµ 0 0.07± 0.03 0.07± 0.03 < 0.005
Table 2: Observed and predicted multi-lepton event yields for masses M12 > 100 GeV for the
different event classes in all analysed samples. The errors on the predictions include model
uncertainties and experimental systematic errors added in quadrature. The limits on the back-
ground estimations correspond to the selection of no event in the simulated sample and are
quoted at 95% confidence level.
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Figure 1: The distribution of the invariant mass of the two highest PT leptons for events classi-
fied as eee (a), eµµ (b) and ee (c), µµ (d) and eµ (e). The points correspond to the observed data
events and the open histogram to the SM expectation. The total error on the SM expectation
is given by the shaded band. The component of the SM expectation arising from lepton pair
production is given by the hatched histogram.
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Multi-Leptons at HERA (463 pb−1)∑
PT >100 GeV
Data sample Data SM Pair Production (GRAPE) NC DIS + Compton
e+p (285 pb−1) 5 0.96± 0.12 0.78± 0.09 0.18± 0.05
e−p (178 pb−1) 0 0.64± 0.09 0.51± 0.07 0.13± 0.04
All (463 pb−1) 5 1.60± 0.20 1.29± 0.15 0.31± 0.09
Table 3: Observed and predicted multi-lepton event yields for
∑
PT > 100 GeV. Di-lepton and
tri-lepton events are combined. The errors on the predictions include model uncertainties and
experimental systematic errors added in quadrature.
Multi-Leptons at HERA (463 pb−1)
Variable Measured Measured Measured Pair Production
range (e+e−) (µ+µ−) (average) (GRAPE)
[GeV] [fb/GeV] [fb/GeV] [fb/GeV] [fb/GeV]
P ℓ1T dσ/dP
ℓ1
T
[10, 15] 108 ± 10 ± 8 95 ± 9 ± 14 101 ± 7 ± 9 92 ± 3
[15, 20] 16 ± 4 ± 2 23 ± 4 ± 4 20 ± 3 ± 2 22 ± 1
[20, 25] 7.4 ± 2.5 ± 0.6 3.7 ± 1.7 ± 0.5 5.5 ± 1.5 ± 0.5 6.6 ± 0.2
[25, 50] 0.60± 0.30± 0.06 0.70± 0.30± 0.10 0.70± 0.20± 0.07 0.86± 0.03
Mℓℓ dσ/dMℓℓ
[15, 25] 34 ± 4 ± 3 29 ± 3 ± 4 32 ± 3 ± 3 28 ± 1
[25, 40] 16 ± 2 ± 2 17 ± 2 ± 3 17 ± 2 ± 2 18.0± 0.5
[40, 60] 2.7 ± 0.8 ± 0.2 1.7 ± 0.6 ± 0.3 2.2 ± 0.5 ± 0.2 2.9 ± 0.1
[60, 100] 0.20± 0.15± 0.02 0.40± 0.20± 0.07 0.30± 0.13± 0.04 0.24± 0.01
PXT dσ/dP
X
T
[0, 5] 95 ± 9 ± 8 94 ± 8 ± 14 94 ± 6 ± 9 93 ± 3
[5, 12] 25 ± 6 ± 2 13 ± 4 ± 2 18 ± 3 ± 2 15.4± 0.5
[12, 25] 2.8 ± 1.3 ± 0.3 4.2 ± 1.2 ± 0.6 3.8 ± 0.9 ± 0.4 3.8 ± 0.1
[25, 50] 0.20± 0.30± 0.03 0.50± 0.30± 0.09 0.40± 0.20± 0.06 0.20± 0.01
Table 4: Differential cross sections dσ/dP ℓ1T , dσ/dMℓℓ and dσ/dP
X
T averaged for each quoted
interval for the process ep → eℓ+ℓ−X in a restricted phase space dominated by the photon-
photon process (see text for details). Cross sections are measured for e+e− or µ+µ− pairs. The
cross section obtained from the combination of e+e− and µ+µ− channels is also presented. The
first error is statistical and the second is systematic. Theoretical predictions, calculated with
GRAPE, are shown in the last column.
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Figure 4: The distribution of the scalar sum of the transverse momenta
∑
PT for combined
di-lepton and tri-lepton event samples for all data (a) as well as for e+p (b) and e−p (c). The
points correspond to the observed data events and the open histogram to the SM expectation.
The total error on the SM expectation is given by the shaded band. The component of the SM
expectation arising from lepton pair production is given by the hatched histogram.
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T = 2.8 GeV
Figure 2: Display (side view) of the eµµ event observed with the highest M12 invariant mass.
Indicated are the reconstructed tracks and the energy depositions in the calorimeters. The beam
positrons enter the detector from the left and the protons from the right.
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Figure 3: Correlation of the invariant massM12 with the scalar sum of the transverse momenta∑
PT for di-lepton (a) and tri-lepton (b) events. The bold dots represent the data while the
small points represent the pair production (GRAPE) prediction for a luminosity ∼ 1000 times
higher than that of data.
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Figure 5: The measured cross section for lepton pair production in a restricted phase space dom-
inated by the photon-photon process as a function of the leading lepton transverse momentum
P ℓ1T (a), the invariant mass of the lepton pair Mℓℓ (b) and the hadronic transverse momentum
PXT (c). The differential cross section is averaged over the intervals shown. The inner error bars
represent the statistical errors, the outer error bars the statistical and systematic errors added in
quadrature. The bands represent the SM prediction with its one standard deviation uncertainty.
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▼♦❞❡❧ ♣r❡❞✐❝t✐♦♥s✳ ❙❡✈❡♥ ❞✐✲ ❛♥❞ tr✐✲❧❡♣t♦♥ ❡✈❡♥ts ❛r❡ ♦❜s❡r✈❡❞ ✐♥ e+p ❝♦❧❧✐s✐♦♥ ❞❛t❛ ✇✐t❤
❛ s❝❛❧❛r s✉♠ ♦❢ t❤❡ ❧❡♣t♦♥ tr❛♥s✈❡rs❡ ♠♦♠❡♥t❛ ❛❜♦✈❡ 100 ●❡❱ ✇❤✐❧❡ 1.94± 0.17 s✉❝❤
❡✈❡♥ts ❛r❡ ❡①♣❡❝t❡❞✳ ❙✉❝❤ ❡✈❡♥ts ❛r❡ ♥♦t ♦❜s❡r✈❡❞ ✐♥ e−p ❝♦❧❧✐s✐♦♥s ❢♦r ✇❤✐❝❤ 1.19 ± 0.12
❛r❡ ♣r❡❞✐❝t❡❞✳ ❚♦t❛❧ ✈✐s✐❜❧❡ ❛♥❞ ❞✐✛❡r❡♥t✐❛❧ ❞✐✲❡❧❡❝tr♦♥ ❛♥❞ ❞✐✲♠✉♦♥ ♣❤♦t♦♣r♦❞✉❝t✐♦♥ ❝r♦ss
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The event selection proceeds in two steps. Electron or muon candidates are first identified
using a wider angular range and lower energy thresholds allowed by the detectors. In a second
step, in order to minimise the background present in some of the event topologies, at least two
central (20◦ < θ < 150◦) lepton candidates are required.
Electron candidates are identified in the polar-angle range 5◦ < θ < 175◦ as compact and
isolated energy deposits in the electromagnetic calorimeters. The electron energy threshold is
10 GeV in the range 5◦ < θ < 150◦ and 5 GeV in the backward region 150◦ < θ < 175◦.
Compared to the published H1 analysis [5], the electron energy threshold is here raised in the
central region 20◦ < θ < 150◦ from 5 to 10 GeV. Muon candidates are identified in the range
20◦ < θ < 160◦ with a minimum transverse momentum of 2 GeV. Muon identification is
based on the measurement of a track in the inner tracking system associated to a track segment
reconstructed in the muon chambers or an energy deposit in the calorimeter compatible with a
minimum ionising particle. Only tracks associated with the primary event vertex are used in
the analysis. Detailed descriptions of electron and muon identification criteria used by the H1
and ZEUS experiments are given in the individual publications [5, 6]. For the H1 experiment,
the resulting electron identification efficiency is 80% in the central region and larger than 95%
in the forward and backward regions, while for the ZEUS detector the electron identification
efficiency is 90%. The lower electron identification efficiency in the H1 analysis is mainly due
to a tight matching requirement between the transverse momenta measured by the tracker and
the calorimeter [3, 5]. The efficiency to identify muons in the H1 and ZEUS analyses is 90%
and 55%, respectively. The lower muon identification efficiency for ZEUS is due to a lower
performance and a smaller fiducial volume of the muon system and a low efficiency of the track
trigger for low multiplicity events [6].
Multi-lepton events are selected by requiring at least two central lepton candidates, of which
one must have P ℓT > 10 GeV and the other P
ℓ
T > 5 GeV. Additional leptons identified in the de-
tector according to the criteria defined above may be present in the event. All lepton candidates
are required to be isolated with respect to each other by a minimum distance of at least 0.5 units
in the η − φ plane. No explicit requirement on the charge of the lepton candidates is imposed.
Lepton candidates are ordered according to decreasing transverse momentum, P ℓiT > P
ℓi+1
T .
According to the number and the flavour of the lepton candidates, the events are classified into
mutually exclusive topologies.
The production cross section of e+e− and µ+µ− pairs is measured in the photoproduction
regime, in which the virtuality Q2 of the photon emitted by the beam electron is low. Subsam-
ples of ee and µµ events, dominated by photon-photon collisions, labelled (γγ)e and (γγ)µ, are
selected by requiring the difference E−Pz between the energy and the longitudinal momentum
of all visible particles to be lower than 45 GeV. This requirement selects events in which the
scattered electron is lost in the beampipe and corresponds to cuts on Q2 < 1 GeV2 and on the
event inelasticity, y = (E − Pz)/2Ee < 0.82, where Ee is the electron beam energy.
The GRAPE [9] Monte Carlo (MC) event generator is used to calculate SM production cross
sections, dominated by photon-photon interactions, γγ → ℓ+ℓ−, and to simulate multi-lepton
events. GRAPE predicts cross sections for ep → e µ+µ−X and ep → e e+e−X processes,
leading to eµµ and eee final states. Events with only two leptons (µµ, eµ or ee) are observed
if the scattered electron or one lepton of the pair is not detected. The ep → e τ+τ−X process
with subsequent leptonic tau decays is also simulated with GRAPE.
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1 Introduction
According to predictions of the Standard Model (SM) the production of multi-lepton final states
in electron1-proton collisions proceeds mainly via photon-photon interactions [1]. The clean
experimental signature of leptons with high transverse momenta, PT , together with the precisely
calculable small SM cross section provides high sensitivity to possible contributions of physics
beyond the SM. Measurements of multi-lepton production at the HERA collider have already
been performed by the H1 [2–5] and ZEUS [6] collaborations using data samples corresponding
to an integrated luminosity of ∼ 0.5 fb−1 per experiment. Events with high invariant massM12
of the two highest PT leptons or high scalar sum of transverse momenta of all leptons
∑
PT
were measured by both experiments in a region where the SM expectation is low. The yields of
multi-lepton events were found to be in general agreement with the SM predictions in both H1
and ZEUS analyses.
A combination of the H1 and ZEUS results which exploits the complete e±p data samples
of both experiments is presented in this paper. Total yields and kinematic distributions of multi-
lepton final states with electrons or muons are measured and compared to the SM. The two-fold
increase in the available data statistics allows a more stringent test of the SM in the high mass
and high
∑
PT regions. In addition, total visible and differential photoproduction cross sections
of e+e− and µ+µ− pairs are measured in a restricted phase-space region dominated by photon-
photon collisions.
The analysed data were collected between 1994 and 2007 at the HERA electron-proton
collider using the H1 and ZEUS detectors. The electron and proton beam energies were re-
spectively 27.6 GeV and 820 GeV or 920 GeV, corresponding to centre-of-mass energies
√
s of
301 GeV or 319 GeV. The data correspond to an integrated luminosity of 0.94 fb−1, comprising
0.38 fb−1 of e−p collisions and 0.56 fb−1 of e+p collisions, with 8% of the total collected at√
s = 301 GeV.
The H1 and ZEUS detectors are general purpose instruments which consist of tracking sys-
tems surrounded by electromagnetic and hadronic calorimeters and muon detectors, ensuring
close to 4π coverage of the ep interaction point. The origin of the coordinate system is the
nominal ep interaction point, with the direction of the proton beam defining the positive z-axis
(forward region). The x − y plane is called the transverse plane and φ is the azimuthal angle.
The pseudorapidity η is defined as η = − ln tan(θ/2), where θ is the polar angle. Detailed
descriptions of the H1 and ZEUS detectors can be found elsewhere [7, 8].
2 Experimental Method
For this analysis, a common phase-space region is chosen according to the individual perfor-
mances of the H1 and ZEUS detectors, such that both detectors have high and well understood
acceptance. The common phase-space region is somewhat smaller than those used by the re-
spective collaborations [5, 6] and is described in the following.
1Here and in the following, the term “electron” denotes generically both the electron and the positron.
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observed. For
∑
PT > 100 GeV, seven events are observed in total, compared to 3.13± 0.26
expected from the SM (see Table 3). These seven events were all recorded in the e+p data,
for which the SM expectation is 1.94 ± 0.17. The events correspond to the four ee and the
two eµµ events observed with M12 > 100 GeV, together with one eee event observed with
M12 = 93 GeV.
Total visible and differential cross sections for di-electron and di-muon production are mea-
sured using the selected (γγ)e and (γγ)µ subsamples. The kinematic domain of the measure-
ment is defined by 20◦ < θℓ1,2 < 150◦, P ℓ1T > 10 GeV, P
ℓ2
T > 5 GeV, Q
2 < 1 GeV2, y < 0.82
and Dℓ1,ℓ2η−φ > 0.5, where D
ℓ1,ℓ2
η−φ is the distance in the η − φ plane between the two leptons.
The effect of the Dℓ1,ℓ2η−φ requirement is small (< 1%). The data samples at
√
s = 301 GeV
and 319 GeV are combined. Assuming a linear dependence of the cross section on the proton
beam energy, as predicted by the SM, the resulting cross section corresponds to an effective√
s = 318 GeV. The effect of final-state radiation on the cross sections was found to be negli-
gible.
The total numbers of observed (γγ)e and (γγ)µ events are in agreement with the SM expec-
tations, as summarised in Table 1. In the (γγ)e sample, the contamination from NC DIS and
QEDC background events is 2%. No significant background is present in the (γγ)µ sample.
The contribution from τ pair production is negligible in both the (γγ)e and (γγ)µ subsamples.
The total visible and differential cross sections for electron and muon pair production are
evaluated bin by bin as the weighted mean of the values measured by the two collaborations.
The same binning is used by both experiments. The signal acceptance is defined as the number
of events reconstructed in a bin divided by the number of events generated in the same bin and is
calculated using GRAPE MC events. For ep→ e e+e−X events, the mean signal acceptances
in the H1 and ZEUS experiments are 45% and 60%, respectively. In case of ep→ e µ+µ−X
events, it is 60% for H1 and 30% for ZEUS.
The total visible ep → ee+e−X cross section is σ = 0.68 ± 0.04 ± 0.03 pb, where the
first uncertainty is statistical and the second systematic. The total visible ep→ eµ+µ−X cross
section is σ = 0.63± 0.05± 0.06 pb. The results are in agreement with the SM expectation,
dominated by photon-photon collisions, of 0.69 ± 0.02 pb calculated using the GRAPE gen-
erator. Since the muon and electron cross sections are compatible, as expected, they are com-
bined into a single measurement, leading to a measured lepton pair production cross section
of σ = 0.66± 0.03± 0.03 pb. This result is in agreement with the individual H1 and ZEUS
measurements [5, 6].
Differential cross sections of lepton pair production as a function of the transverse momen-
tum of the leading lepton P ℓ1T and of the invariant mass of the lepton pair Mℓℓ are listed for
each sample in Table 4 and shown in Fig. 3 for the combined electron and muon samples. The
measurements are in good agreement with the SM predictions.
4 Conclusion
The production of multi-lepton (electron or muon) events at high transverse momenta was stud-
ied using the full e±p data sample collected by the H1 and ZEUS experiments at HERA, cor-
responding to a total integrated luminosity of 0.94 fb−1. The yields of di-lepton and tri-lepton
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Experimental background contributions from various SM processes to the selected multi-
lepton topologies were studied [5,6]. Backgrounds to the ee final state arise from neutral current
(NC) deep inelastic scattering (DIS) events (ep → eX) in which, in addition to the scattered
electron, hadrons or radiated photons are wrongly identified as electrons, and from QED Comp-
ton (QEDC) events (ep→ eγX) if the photon is misidentified as an electron. Background to the
eµ final state arises from NCDIS events if hadrons are misidentified as muons. The background
contributions to eee, eµµ and µµ final states are negligible.
The combination of the results of the H1 and ZEUS experiments is performed both on the
number of observed events and at the cross section level. Distributions of data events and of MC
expectations are added bin by bin. Experimental systematic uncertainties are treated as uncor-
related between the experiments. A detailed list of all experimental systematic uncertainties of
both experiments can be found in the individual publications [5, 6]. The theoretical uncertainty
of 3% on the total lepton pair contribution calculated from the GRAPE MC is considered to be
correlated between the experiments. Cross sections measured by H1 and ZEUS are combined
using a weighted average [10].
3 Results
The total number of selected events in the data are compared to SM predictions in Table 1 for
the ee, µµ, eµ, eee and eµµ topologies and for the γγ subsamples. The observed numbers of
events are in good agreement with the SM expectations. The eµµ, µµ and eµ topologies are
dominated by muon pair production while the eee and ee topologies contain mainly events from
electron pair production. The contribution from tau pair production is∼ 4% in the eµ topology,
negligible in the others, and is considered as signal. The NC DIS and QEDC processes give
rise to a sizeable background contribution in the ee topology where the H1 and ZEUS analyses
have slightly different background rejection capabilities. The contribution from NC DIS and
QEDC processes to the total SM expectation amounts to 24% for ZEUS and 11% for H1 due
to the tighter electron identification criteria. Most of the events in the eµ topology arise from
muon pair production at high Q2, in which the beam electron is scattered at a large angle in the
detector, while one of the muons is outside the acceptance region. In this topology, the NC DIS
background contributes∼ 10% in both the H1 and ZEUS experiments.
The distributions of the invariant mass M12 of the two highest PT leptons for the different
topologies are shown in Fig. 1. An overall agreement with the SM prediction is observed in
all cases. Events with high invariant mass (M12 > 100 GeV) are observed in the data. The
corresponding observed and predicted event yields are summarised for all topologies in Table 2.
One ee and two eee high mass events are observed by ZEUS [6]. Nine high mass events are
observed by H1. Compared to the H1 results [5], one eee high mass event is not selected in
this combined analysis due to the increased electron energy threshold of 10 GeV in the central
region. The results for e+p and e−p data are also shown separately in Table 2. All high mass
events observed by both experiments originate from e+p collisions. Several of these events also
have high
∑
PT values.
Figure 2 presents the distributions of
∑
PT of the observed multi-lepton events compared
to the SM expectation. Good overall agreement between the data and the SM prediction is
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Multi-Leptons at HERA (0.94 fb−1)
Sample Data SM Pair Production (GRAPE) NC DIS + QEDC
ee 873 895± 57 724± 41 171± 28
µµ 298 320± 36 320± 36 < 0.5
eµ 173 167± 10 152± 9 15± 3
eee 116 119± 7 117± 6 < 4
eµµ 140 147± 15 147± 15 < 0.5
(γγ)e 284 293± 18 289± 18 4± 1
(γγ)µ 235 247± 26 247± 26 < 0.5
Table 1: Observed and predicted event yields for the different event topologies and for the γγ
subsamples. The uncertainties on the predictions include model uncertainties and experimental
systematic uncertainties added in quadrature. The limits on the background estimations are
quoted at 95% confidence level.
Multi-Leptons at HERA (0.94 fb−1)
M12 >100 GeV
Sample Data SM Pair Production (GRAPE) NC DIS + QEDC
e+p collisions (0.56 fb−1)
ee 4 1.68± 0.18 0.94± 0.11 0.74± 0.12
µµ 1 0.32± 0.08 0.32± 0.08 < 0.01
eµ 1 0.40± 0.05 0.39± 0.05 < 0.02
eee 4 0.79± 0.09 0.79± 0.09 < 0.03
eµµ 2 0.16± 0.04 0.16± 0.04 < 0.01
e−p collisions (0.38 fb−1)
ee 0 1.25± 0.13 0.71± 0.11 0.54± 0.08
µµ 0 0.23± 0.10 0.23± 0.10 < 0.01
eµ 0 0.26± 0.03 0.25± 0.03 < 0.02
eee 0 0.49± 0.07 0.49± 0.07 < 0.03
eµµ 0 0.14± 0.05 0.14± 0.05 < 0.01
All data (0.94 fb−1)
ee 4 2.93± 0.28 1.65± 0.16 1.28± 0.18
µµ 1 0.55± 0.12 0.55± 0.12 < 0.01
eµ 1 0.65± 0.07 0.64± 0.06 < 0.02
eee 4 1.27± 0.12 1.27± 0.12 < 0.03
eµµ 2 0.31± 0.06 0.31± 0.06 < 0.01
Table 2: Observed and predicted multi-lepton event yields for masses M12 > 100 GeV for the
different event topologies, for all data and divided into e+p and e−p collisions. The uncertainties
on the predictions include model uncertainties and experimental systematic uncertainties added
in quadrature. The limits on the background estimations correspond to the selection of no event
in the simulated topology and are quoted at 95% confidence level.
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events are in good agreement with the SM predictions. Distributions of the invariant massM12
of the two highest PT leptons and of the scalar sum of the lepton transverse momenta
∑
PT are
in good overall agreement with the SM expectation.
Events are observed in ee, µµ, eµ, eee and eµµ topologies with invariant massesM12 above
100GeV, where the SM expectation is low. Both experiments observe high mass and high
∑
PT
events in e+p collisions only, while, for comparable SM expectations, none are observed in e−p
collisions. Seven events have a
∑
PT > 100 GeV, whereas the corresponding SM expectation
for e+p collisions is 1.94± 0.17.
The total and differential cross sections for electron and muon pair photoproduction are
measured in a restricted phase space dominated by photon-photon interactions. The measured
cross sections are in agreement with the SM predictions.
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Fig. 1: The distribution of the invariant mass of the two highest PT leptons for events classified
as eee, eµµ, ee, µµ and eµ. The points correspond to the observed data events and the histogram
to the SM expectation. The total uncertainty on the SM expectation is given by the shaded
band. The component of the SM expectation arising from lepton pair production is given by the
hatched histogram.
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Multi-Leptons at HERA (0.94 fb−1)∑
PT >100 GeV
Data sample Data SM Pair Production (GRAPE) NC DIS + QEDC
e+p (0.56 fb−1) 7 1.94± 0.17 1.52± 0.14 0.42± 0.07
e−p (0.38 fb−1) 0 1.19± 0.12 0.90± 0.10 0.29± 0.05
All (0.94 fb−1) 7 3.13± 0.26 2.42± 0.21 0.71± 0.10
Table 3: Observed and predicted multi-lepton event yields for
∑
PT > 100 GeV. Di-lepton and
tri-lepton events are combined. The uncertainties on the predictions include model uncertainties
and experimental systematic uncertainties added in quadrature.
Multi-Leptons at HERA (0.94 fb−1)
Variable Measured Measured Measured Pair Production
range (e+e−) (µ+µ−) (average) (GRAPE)
[GeV] [fb/GeV] [fb/GeV] [fb/GeV] [fb/GeV]
P ℓ1T dσ/dP
ℓ1
T
[10, 15] 101.1± 7.1 ± 5.5 97.7± 7.7 ± 9.2 99.9± 5.3 ± 4.9 101.3± 3.1
[15, 20] 22.4± 3.1 ± 1.3 15.9± 3.2 ± 1.7 19.4± 2.3 ± 1.0 23.9± 0.7
[20, 25] 5.0± 1.5 ± 0.6 4.9± 1.6 ± 0.6 5.0± 1.1 ± 0.4 7.3± 0.2
[25, 50] 0.56± 0.22± 0.05 0.75± 0.29± 0.09 0.63± 0.18± 0.04 0.93± 0.03
Mℓℓ dσ/dMℓℓ
[15, 25] 27.3± 2.8 ± 1.5 31.9± 2.9 ± 3.0 29.0± 2.1 ± 1.5 30.0± 0.9
[25, 40] 18.4± 1.6 ± 1.1 14.9± 1.8 ± 1.4 16.9± 1.2 ± 0.9 19.5± 0.6
[40, 60] 3.4± 0.6 ± 0.2 2.0± 0.5 ± 0.2 2.6± 0.4 ± 0.2 3.1± 0.1
[60, 100] 0.17± 0.09± 0.03 0.32± 0.15± 0.04 0.21± 0.08± 0.02 0.26± 0.01
Table 4: Differential photoproduction cross sections dσ/dP ℓ1T and dσ/dMℓℓ averaged for each
quoted interval for the process ep → eℓ+ℓ−X in a restricted phase space (see text for details).
Cross sections are measured for e+e− or µ+µ− pairs. The average is also shown. The first
uncertainty is statistical and the second is systematic. Theoretical predictions, calculated with
GRAPE, dominated by the photon-photon process, are shown in the last column.
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ep→ e ℓ+ℓ−X
P ℓ1T > 10 GeV, P
ℓ2
T > 5 GeV
20◦ < θℓ1,ℓ2 < 150◦
D
ℓ1,ℓ2
η−φ > 0.5
y < 0.82, Q2 < 1 GeV2
ℓ1
ℓℓ
ℓ
1
ℓ
ℓ
Multi-Leptons at HERA
(a) (b)
Fig. 3: The cross section for lepton pair photoproduction in a restricted phase space as a function
of the leading lepton transverse momentum P ℓ1T (a) and the invariant mass of the lepton pairMℓℓ
(b). The total error bar is shown, representing the statistical and systematic uncertainties added
in quadrature, which is dominated by the statistical. The bands represent the one standard
deviation uncertainty in the SM prediction, dominated by the photon-photon process.
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Fig. 2: The distribution of the scalar sum of the transverse momenta
∑
PT for combined di-
lepton and tri-lepton event topologies for all data as well as for e+p and e−p. The points
correspond to the observed data events and the histogram to the SM expectation. The total
uncertainty on the SM expectation is given by the shaded band. The component of the SM
expectation arising from lepton pair production is given by the hatched histogram.
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Figure 1: Diagrams for the single production of a doubly-charged Higgs boson in e+p collisions
at HERA via the hel coupling. The hadronic final state is denoted by p (X) in the elastic
(inelastic) case, where the initial proton remains intact (dissociates). The contribution of Z
exchange can be safely neglected.
Within the mass range considered in this analysis, it is assumed that decays of the H±± into
gauge bosons and other Higgs particles are not allowed kinematically such that the doubly-
charged Higgs only decays via its Yukawa couplings into a lepton pair.
Indirect upper bounds on the Yukawa couplings of a doubly-charged Higgs to leptons are
reviewed in [8]. The coupling hee of a doubly-charged Higgs to an electron pair is con-
strained by the contribution of virtual H±± exchange to Bhabha scattering in e+e− collisions.
A recent OPAL analysis [9] sets the constraint hee < 0.14 for a doubly-charged Higgs mass
MH = 100 GeV. From low energy e+e− data, coupling values of O(0.1) are allowed for heµ
and heτ for a Higgs mass of 100 GeV [10]. Taking these indirect constraints into account,
the production of a doubly-charged Higgs mediated by hee, heµ or heτ might be observable at
HERA. The Higgs signal would manifest itself as a peak in the invariant mass distribution of
same charge ee, eµ or eτ leptons, respectively. For the range of masses and couplings probed
in this analysis, the Higgs decay length is vanishingly small but its width remains negligible
compared to the experimental resolution on the mass of the lepton pair.
3 Simulation of the Signal and Standard Model Backgrounds
The calculation of the cross section for doubly-charged Higgs production, as well as the simula-
tion of signal events, relies on a dedicated Monte Carlo program developed for this analysis. The
differential cross sections are integrated using the VEGAS package [11]. Different approaches
are followed depending on the photon virtuality Q2 and on the mass W of the hadronic final
state:
• in the inelastic region (W > mp + mπ, with the proton mass mp and the pion mass
mπ) and when the photon virtuality is large (Q2 > 4 GeV2), the interaction involves
a quark inside the proton. The squared amplitude of the process e±q → e∓H±±q is
evaluated using the CompHEP package [12, 13]. The parton densities in the proton are
taken from the CTEQ4L [14] parameterisation and are evaluated at the scale
√
Q2. The
parton shower approach [15] based on the DGLAP [16] evolution equations is applied to
5
1 Introduction
Doubly-charged Higgs bosons (H±±) appear when the Higgs sector of the Standard Model
(SM) is extended by one or more triplet(s) with non-zero hypercharge [1–3]. Examples are pro-
vided by some Left-Right Symmetric models [4], or their supersymmetric extensions, which
are of particular interest since they provide a mechanism to generate small non-zero neutrino
masses. Such models can lead to a doubly-charged Higgs boson light enough [5] to be pro-
duced at the existing colliders. The Higgs triplet(s) may be coupled to matter fields via Yukawa
couplings which are generally not related to the fermion masses. A non-vanishing coupling
of a doubly-charged Higgs to an electron would allow its single production in ep collisions at
HERA. This possibility is investigated in this paper with a search for doubly-charged Higgs
bosons decaying into a high mass pair of same charge leptons, one of them being an electron.
An analysis of multi-electron events was already presented by the H1 collaboration [6]. Six
events were observed with a di-electron mass above 100 GeV, a domain in which the Standard
Model prediction is low. In the present paper the compatibility of these events with the hy-
pothesis of a doubly-charged Higgs coupling to ee is addressed and a further search for a H±±
boson coupling to eµ and eτ is performed. The analysis is based on ep data collected by the H1
experiment between 1994 and 2000, which amount to a luminosity of up to 118 pb−1.
2 Phenomenology
At tree level, doubly-charged Higgs bosons couple only to charged leptons and to other Higgs
and gauge bosons. Couplings to quark pairs are forbidden by charge conservation. The cou-
plings of a doubly-charged Higgs to charged leptons can be generically described by the La-
grangian:
L =
∑
i,j
hL,Rli lj H
++
L,R l¯i
c
PL,R lj + h.c. , (1)
where l are the charged lepton fields, lc denote the charge conjugate fields, i, j are generation
indices, and PL,R = (1∓ γ5)/2. The Higgs fields H++L,R coupling to left-handed or right-handed
leptons correspond to different particles and not all models predict their simultaneous existence.
The Yukawa couplings hL,Rlilj = h
L,R
lj li
are free parameters of the model.
The phenomenology of doubly-charged Higgs production at HERA was first discussed in [7].
For a non-vanishing coupling hL,Rel the single production of a doubly-charged Higgs boson is
possible at HERA in eγ∗ interactions via the diagrams shown in Fig. 1, where a photon is
radiated off the proton or one of its constituent quarks. The proton may remain intact or be
broken during this interaction, leading to an elastic or inelastic reaction, respectively. With
longitudinally unpolarised lepton beams, as were delivered by HERA until 2000, the H±±
production cross section does not depend on whether the Higgs couples to left-handed or right-
handed leptons. Hence a generic case is considered here of a doubly-charged Higgs boson
which couples to either left-handed or right-handed leptons and the L,R indices are dropped in
the following.
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4 The H1 Detector
A detailed description of the H1 experiment can be found in [25]. Only the H1 detector
components relevant to the present analysis are briefly described here. Jets and electrons
are measured with the Liquid Argon (LAr) calorimeter [26], which covers the polar angle1
range 4◦ < θ < 154◦. Electromagnetic shower energies are measured with a precision of
σ(E)/E = 12%/
√
E/GeV⊕1% and hadronic energies with σ(E)/E = 50%/
√
E/GeV⊕2%,
as determined in test beams [27]. In the backward region a lead/scintillating-fibre2 (SpaCal)
calorimeter [28] covers the range 155◦ < θ < 178◦. The central (20◦ < θ < 160◦) and for-
ward (7◦ < θ < 25◦) tracking detectors are used to measure charged particle trajectories, to
reconstruct the interaction vertex and to supplement the measurement of the hadronic energy.
The LAr and inner tracking detectors are enclosed in a super-conducting magnetic coil with
a strength of 1.15 T. The return yoke of the coil is the outermost part of the detector and is
equipped with streamer tubes forming the central muon detector (4◦ < θ < 171◦). In the for-
ward region of the detector (3◦ < θ < 17◦) a set of drift chamber layers (the forward muon
system) detects muons and, together with an iron toroidal magnet, allows a momentum mea-
surement. The luminosity measurement is based on the Bethe-Heitler process ep→ epγ, where
the photon is detected in a calorimeter located downstream of the interaction point.
5 Data Analysis
The analyses of ee and eµ final states use the full e±p data set recorded in the period 1994-
2000, which corresponds to an integrated luminosity of 118 pb−1. The analysis of eτ final states
makes use of the e+p data collected in the years 1996-1997 and 1999-2000, which amount to
a luminosity of 88 pb−1. The HERA collider was operated at a centre-of-mass energy
√
s of
300 GeV in 1994-1997 and of 318 GeV in 1998-2000.
Events are first selected by requiring that the longitudinal position of the vertex be within 35 cm
around the nominal interaction point. In addition topological filters and timing vetoes are ap-
plied to remove background events induced by cosmic showers and other non-ep sources. The
main triggers for the events are provided by the LAr calorimeter and the muon system.
5.1 Lepton Identification
An electron3 candidate is identified by the presence of a compact and isolated electromagnetic
energy deposit above 5 GeV in the LAr or SpaCal calorimeter. The energy of the electron
candidate is measured from the calorimetric information. In the angular range 20◦ < θ < 150◦
the electron identification is complemented by tracking conditions, in which case the direction
1The origin of the H1 coordinate system is the nominal ep interaction point, with the direction of the proton
beam defining the positive z-axis (forward region). The transverse momenta are measured in the xy plane. The
pseudorapidity η is related to the polar angle θ by η = − ln tan(θ/2).
2Before 1995 a lead-scintillator calorimeter was used.
3Unless otherwise stated, the term “electron” is used in this paper to generically describe electrons or positrons.
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simulate QCD corrections in the initial and final states, and the hadronisation is performed
using PYTHIA 6.1 [15].
• for the elastic region (W = mp) and the inelastic region at low Q2 (W > mp + mπ,
Q2 < 4 GeV2), the squared amplitude is calculated using the FORM program [17]. The
hadronic tensor is parameterised in terms of the usual electromagnetic structure functions
F1(x,Q
2) and F2(x,Q2) of the proton, where x = Q2/(W 2 +Q2 −m2p). For the elastic
process these structure functions are expressed in terms of the electric and magnetic form
factors of the proton. For the low Q2 inelastic region they are taken from analytical
parameterisations [18]. The simulation of the hadronic final state for low Q2 inelastic
events is performed via an interface to the SOPHIA program [19].
For a Yukawa coupling hee or heµ of electromagnetic strength (h =
√
4παem = 0.3) the total
cross section amounts to 0.39 pb (0.04 pb) for a Higgs mass of 100 GeV (150 GeV). The low
Q2 (high Q2) inelastic contribution is found to be ∼ 30% (∼ 20%) of the total cross section in
the mass range 80 − 150 GeV. The cross section for producing a doubly-charged Higgs via a
coupling heτ is lower by about 40% due to the non-negligible mass of the τ lepton produced in
association with the Higgs.
The theoretical uncertainty on the cross sections obtained is taken to be 4% in the mass range
considered. This is derived from an assessed uncertainty of 2% on the proton form factors [20]
and from the uncertainty on the scale at which the parton densities for the inelastic contribution
are evaluated. The latter uncertainty is estimated from the variation of the computed cross
section as this scale is changed from
√
Q2/2 to 2
√
Q2.
Separate signal event samples corresponding to the production and decay of a doubly-charged
Higgs via a coupling hee, heµ and heτ have been produced for Higgs masses ranging between
80 and 150 GeV, in steps of 10 GeV.
Di-electron production, which proceeds mainly via two-photon interactions, constitutes an ir-
reducible background for ee final states. The production of muon or tau pairs constitutes a
background for the eµ and eτ analyses when the scattered electron is detected. The Cabibbo-
Parisi process ee → γ, Z → ll, in which the incoming electron interacts with an electron
emitted from a photon radiated from the proton, contributes at high transverse momentum only.
The Drell-Yan process was calculated in [21] and found to be negligible. All these processes
are simulated using the GRAPE Monte Carlo generator [22], which also takes into account
contributions from Bremsstrahlung with subsequent photon conversion into a lepton pair and
electroweak contributions.
Experimental backgrounds come dominantly from Neutral Current Deep Inelastic Scattering
(NC DIS) where a jet is misidentified as an electron, a muon or a tau. Compton scattering is
also a source of background for ee final states when the photon is misidentified as an electron.
These processes are simulated with the DJANGO [23] and WABGEN [24] generators.
All generated events are passed through the full simulation of the H1 apparatus and are recon-
structed using the same program chain as for the data.
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Figure 2: Distribution of (a) the invariant mass Mee of the two highest PT electrons for multi-
electron events, (b) the electron-muon invariant mass Meµ, and (c) the electron-tau candidate
invariant mass Meτ . The data (symbols) are compared with the Standard Model expectation
(histogram). The distributions are shown at the preselection level (see text).
5.3 Analysis of the H → eµ Decay
Events having one electron and one muon with minimal transverse momenta of P eT > 10 GeV
and P µT > 5 GeV are selected. The polar angle of electron candidates is restricted to 20◦ < θe <
140◦ to reduce the large background arising from NC DIS events. The θ range for muon can-
didates extends towards low angles, 10◦ < θµ < 140◦, which increases the efficiency for high
H±± masses. The minimum transverse momentum required for electron candidates ensures a
trigger efficiency close to 100% for these events. After this preselection, 35 data events are
observed compared to a SM expectation of 29.6± 3.4. The distribution of the invariant mass of
the electron and the muon Meµ is shown in Fig. 2b. A good agreement is observed between the
data and the SM expectation, which is dominated by γγ contributions.
For the final selection of H → eµ candidates the charge of the e and µ is exploited using the
same criteria as used in section 5.2. The efficiency for selecting signal events varies from 55%
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of the electron candidate is given by that of the associated track. Electron candidates in the
forward region, 5◦ < θ < 20◦, are required to have an energy above 10 GeV.
A muon candidate is identified by associating an isolated track in the forward muon system
or in the inner tracking system with a track segment or an energy deposit in the instrumented
iron. The muon momentum is measured from the track curvature in the toroidal or solenoidal
magnetic field, respectively.
Tau leptons are preselected as described in [29] by requiring a track with transverse momentum
above 5 GeV measured in the inner tracking detector. The leptonic tau decays τ → eνν and
τ → µνν are reconstructed by matching the selected track to an identified electron or muon.
Tracks that are not identified as electrons or muons are attributed to hadronic tau decays if at
least 40% of the track momentum is reconstructed in the LAr calorimeter as matched clustered
energy. In that case it is moreover required that the track belong to a narrow jet: no other
track should be reconstructed within 0.15 < R < 1.5 around the track direction, where R =√
∆η2 +∆ϕ2 with ∆η and ∆ϕ being the distances in pseudorapidity and azimuthal angle,
respectively. The transverse momentum and the direction of the τ candidate are approximated
by those of the associated track.
5.2 Analysis of the H → ee Decay
This analysis is based on the published H1 measurement of multi-electron production [6]. The
event selection requires at least two central (20◦ < θe < 150◦) electron candidates, one of them
with a transverse momentum P e1T > 10 GeV (ensuring a trigger efficiency close to 100% [30])
and the other one with P e2T > 5 GeV. After this preselection, 125 events are observed, in good
agreement with the SM expectation of 137.4±10.7. In each event, the two highest PT electrons,
one of those being possibly outside the central region, are assigned to the Higgs candidate. The
distribution of their invariant mass Mee is shown in Fig. 2a. At low mass a good agreement is
observed between data and the SM expectation which is largely dominated by γγ contributions.
Six events are observed at Mee > 100 GeV, compared to the SM expectation of 0.53± 0.08.
Further selection criteria are then applied, which are designed to maximise the sensitivity of
the analysis to a possible H±± signal. The charge measurement of the two leptons assigned
to the Higgs candidate is exploited. In e+p (e−p) collisions, where H++ (H−−) bosons could
be produced, events in which one of the two leptons is reliably assigned a negative (positive)
charge are rejected. The charge assignment requires that the curvature κ of the track associated
with the lepton be measured with an error δκ satisfying | κ/δκ |> 2. The precise calorimetric
measurement of the electron transverse momenta is further exploited by applying an additional
Mee dependent cut on the sum of the transverse momenta of the two electrons assigned to the
Higgs candidate. The lower bound is optimised to keep 95% of the signal and varies between
45 GeV and 120 GeV. This cut suppresses events coming from γγ processes. The efficiency for
selecting signal events varies from 50% for a H±± mass of 80 GeV to 35% for a H±± mass of
150 GeV. In this mass range the resolution on Mee varies between 2.5 GeV and 5 GeV.
After these requirements, 3 events are observed at Mee > 65 GeV, in agreement with the SM
expectation of 2.45±0.11 events. Amongst the six events4 at Mee > 100 GeV, only one satisfies
the final selection criteria.
4Out of these, three do not fullfill the Mee dependent PT cut, and two do not satisfy the charge requirement.
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Event H++ → e+τ+ final selection
class Nobs Nbckg Signal fraction
eµ 0 0.27± 0.02 6 %
eh 1 1.66 ± 0.48 12 %
ee 0 0.14± 0.04 7 %
total 1 2.07± 0.54 25 %
Table 1: Number of observed (Nobs) and expected (Nbckg) events in each event class which
satisfy all criteria to select H++ → e+τ+ candidates with a mass Meτ > 65 GeV. The last
column shows the fractions of the H → eτ Monte Carlo events which are reconstructed in the
various classes, for a mass of 100 GeV.
from 3% to 15%. Systematic errors due to the uncertainty on the electromagnetic energy scale
(known at the 0.7% to 3% level in the central and forward regions of the LAr calorimeter,
respectively) and on the trigger efficiency (3%) are also taken into account.
For the eµ analysis, the dominant additional systematic uncertainty is due to the muon identi-
fication efficiency known within 6% [31]. The uncertainty due to the reconstruction efficiency
of the central tracking detector for central muons contributes an additional 3%. The muon mo-
mentum scale is known within 5%, and the trigger efficiency for eµ final states is known within
3%.
The same systematic uncertainties affect the SM expectations in the ee and eµ classes of the eτ
analysis. The uncertainty of the hadronic energy scale in the LAr calorimeter (4%) constitutes
another source of uncertainty due to the cuts applied on the PmissT and
∑
iE−Pz variables. For
the eh event class the dominant uncertainties on the SM expectation, coming mainly from NC
DIS processes, are due to the uncertainty of 3% of the track efficiency, to that of the hadronic
energy scale, and to that of the hadronisation model.
The luminosity measurement leads to a normalisation uncertainty of 1.5%.
For both the expected signal and the predicted background, the systematic uncertainties result-
ing from the sources listed above are added in quadrature.
6 Interpretation
With the final Higgs selection no significant excess over the SM expectation is observed. Upper
limits on the H±± production cross section times the branching ratio for the H±± to decay into
one of the analysed final states are derived as a function of the H±± mass and are shown in
Fig. 3a. The limits are presented at the 95% confidence level and are obtained using a modi-
fied frequentist approach [32]. Statistical uncertainties, as well as the influence of the various
systematic uncertainties on both the shape and the normalisation of the mass distributions for
signal and background events, are taken into account. The best sensitivity is obtained for a H±±
produced and decaying via heµ, with upper limits around 0.05 pb.
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to 40% for a H±± mass between 80 GeV and 150 GeV. The resolution on Meµ varies between
3 GeV and 8 GeV. For Meµ > 65 GeV one event is observed while 4.17 ± 0.44 events are
expected from the SM.
5.4 Analysis of the H → eτ Decay
The search for a H++ boson decaying into eτ is performed in three final states, depending on
whether the τ decays into an electron, a muon or hadronically (h). Details of this analysis can
be found in [29]. Events are selected which contain either two electrons (ee), or an electron
and a muon (eµ), or an electron and a hadronic τ candidate (eh) as defined in section 5.1. The
two leptons, or the electron and the hadronic-τ candidate, should have a transverse momentum
above 5 GeV, be in the angular range 20◦ < θ < 140◦, and be separated from each other by
R > 2.5 in pseudorapidity-azimuth. One of them must have a transverse momentum above
10 GeV, which ensures a trigger efficiency above 95% in all three classes. For events in the eµ
class the polar angle of the electron candidate is required to be below 120◦.
A significant amount of missing transverse and longitudinal momentum is expected due to the
neutrinos produced in the τ decays. Events in the ee class are required to have a missing trans-
verse momentum PmissT > 8 GeV. For the eh class, which suffers from a large NC DIS back-
ground, it is required that PmissT > 11 GeV, that the energy deposited in the SpaCal calorimeter
be below 5 GeV, and that the variable
∑
iE
i−P iz , where the sum runs over all visible particles,
be smaller than 49 GeV. For fully contained events
∑
iE
i−P iz is expected to peak at twice the
lepton beam energy E0 = 27.5 GeV, i.e. 55 GeV, while signal events are concentrated at lower
values due to the non observed neutrinos. In total 6 events are preselected, in agreement with
the SM prediction of 7.8± 1.5.
In each class, the eτ invariant mass Meτ is reconstructed by imposing longitudinal momentum
and energy conservation, and by minimising the total momentum imbalance in the transverse
plane. Tau leptons are assumed to decay with a vanishing opening angle. This method yields a
resolution of about 4 GeV on the mass Meτ . Figure 2c shows the eτ invariant mass distribution
of the selected events together with the SM expectation.
For the final selection, events are rejected if the track associated with one of the Higgs decay
product candidates is reliably assigned a negative charge, opposite to that of the incoming lepton
beam. The signal efficiencies depend only weakly on MH . The fractions of simulated H → eτ
events which are reconstructed in the various classes are given in table 1, for an example mass
of MH = 100 GeV. The total efficiency on the signal amounts to about 25%.
The final event yields are also shown in table 1. Only one event (in the eh class) satisfies the
final criteria, while 2.1± 0.5 events are expected.
5.5 Systematic Uncertainties
The systematic uncertainties attributed to the Monte Carlo predictions for the ee analysis are
detailed in [6]. The dominant systematic uncertainty is due to the electron-track association
efficiency, which is 90% on average with an uncertainty increasing with decreasing polar angle
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similar stringent constraints on hee independently of the Higgs decay mode. These constraints
also exclude a sizeable H±± production at HERA via hee followed by the H±± decay via hµµ
or hττ , which is consistent with the non-observation of a resonance signal in the µµ [31] and
ττ [29] final states in the present H1 data.
Assuming that the doubly-charged Higgs boson couples only to an electron-muon (electron-
tau) pair, the eµ (eτ ) analysis allows masses below 141 GeV (112 GeV) to be ruled out for
heµ = 0.3 (heτ = 0.3), as shown in Fig. 3c (Fig. 3d). The H1 limits extend the excluded
region in the electron-muon and electron-tau channels to masses that are beyond those reached
in previous searches for pair production at LEP [33] and the Tevatron [34].
7 Conclusion
A search for the single production of doubly-charged Higgs bosons coupling to ee, eµ or eτ
is presented. In a previous model independent multi-electron analysis, H1 observed six events
with a di-electron mass above 100 GeV, a region where the Standard Model expectation is
small. Out of the six events, only one is compatible with the signature of a doubly-charged
Higgs boson. No electron-muon or electron-tau event is found in this mass domain.
This analysis places new limits on the H±± mass and its Yukawa couplings hel to an electron-
lepton pair. Assuming that the doubly-charged Higgs boson only couples to electron-muon
(electron-tau) pairs, a limit of 141 GeV (112 GeV) is obtained on the Higgs mass, for a coupling
heµ = 0.3 (heτ = 0.3) corresponding to an interaction of electromagnetic strength.
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Figure 3: (a) Upper limits at the 95% confidence level on the H±± production cross section
times the branching ratio for the H±± to decay into ee, eµ or eτ , as a function of the Higgs
mass. (b)-(d) Upper limits on the coupling hel assuming that the H±± couples only (b) to ee,
(c) to eµ or (d) to eτ . Regions above the curves are excluded. The constraints obtained from
pair production at LEP and at CDF and from single production at OPAL are also shown.
Assuming that only one Yukawa coupling hel is non-vanishingly small, these constraints are
translated into mass dependent upper limits on the coupling hel, as shown in Fig. 3b-d.
If the doubly-charged Higgs boson couples only to an electron pair (Fig. 3b) the ee analysis
rules out H±± masses below 138 GeV for a coupling hee of the electromagnetic strength, hee =
0.3. The result is compared to the bounds obtained from searches for H±± pair production at
LEP [33] and by the CDF experiment [34], and to both the indirect and direct limits obtained by
the OPAL experiment [9], the latter being the most stringent. The OPAL experiment has also set
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2 Standard Model processes and Monte Carlo generation
Several Monte Carlo event generators are combined to simulate events for all SM processes
which have large cross sections or are expected to be dominant for specific event classes, avoid-
ing double-counting. All processes are generated with an integrated luminosity significantly
higher than that of the data sample and events are passed through a full detector simulation [3].
At high transverse momenta the dominant SM processes are the photoproduction of two jets
and neutral current (NC) deep-inelastic scattering (DIS). In the following the abbreviation X
represents all reaction products other than the high PT objects considered.
Photoproduction of jets and photons To simulate the direct and resolved photoproduction
of jets ep → jjX , prompt photon production ep → γjX and the resolved photoproduction
of photon pairs ep → γγX , the PYTHIA 6.1 event generator [4] is used. Light and heavy
flavoured jets are generated. The simulation contains the Born level hard scattering matrix
elements and radiative QED corrections.
Neutral current deep-inelastic scattering The Born, QCD Compton and Boson Gluon Fu-
sion matrix elements are used in the RAPGAP [5] event generator to model NC DIS events. The
QED radiative effects arising from real photon emission from both the incoming and the outgo-
ing electrons are simulated using the HERACLES [6] generator. Hence the NC DIS prediction
contains the processes ep → ejX , ep → ejjX and also models final states with an additional
radiated photon.
Charged current deep-inelastic scattering Charged current (CC) DIS events are simulated
using the DJANGO [7] program, which includes first order QED radiative corrections based on
HERACLES. This prediction contributes to the final states ep→ νjX , ep→ νjjX and to final
states with an additional radiated photon.
QED Compton scattering Elastic and quasi-elastic Compton processes ep → eγX are sim-
ulated with the WABGEN [9] generator. The inelastic contribution is already included in the
NC DIS RAPGAP sample.
Electroweak production of lepton pairs Multi-lepton events (ee, µµ, ττ ) are generated with
the GRAPE [10] program, which includes all electroweak matrix elements at tree level. Multi-
lepton production via γγ, γZ, ZZ collisions, internal photon conversion and the decay of virtual
or real Z bosons is considered. Initial and final state QED radiation is included. The complete
hadronic final state is obtained via interfaces to PYTHIA and SOPHIA [11] for the inelastic and
quasi-elastic regimes, respectively.
W production The production of W bosons ep → WX and ep → WjX is modelled using
EPVEC [12]. Next-to-leading order QCD corrections [13] are taken into account by reweighting
the events as a function of the transverse momentum and rapidity of the W boson [14].
2
1 Introduction
At HERA electrons1 and protons collide at a centre-of-mass energy of up to 319 GeV. These
high-energy electron-proton interactions provide a testing ground for the Standard Model (SM)
complementary to e+e− and pp scattering. It is widely believed that the SM is incomplete and
that new physics signals may appear below energies of 1 TeV. Many extensions to the SM have
been constructed during the last decades predicting various phenomena which may be visible
at high energies or large transverse momenta (PT ). HERA data have been used to test some of
these models of new processes by analysing their anticipated experimental signatures and limits
on their parameters have been derived [1].
The approach described in this paper consists of a comprehensive and generic search for de-
viations from the SM prediction at large transverse momenta. All high PT final state configura-
tions involving electrons (e), muons (µ), jets (j), photons (γ) or neutrinos (ν) are systematically
investigated. The analysis covers phase space regions where the SM prediction is sufficiently
precise to detect anomalies and does not rely on assumptions concerning the characteristics of
any SM extension. Such a model-independent approach might discover unexpected manifesta-
tions of new physics. Therefore it addresses the important question of whether evidence for new
physics might still be hidden in the data recorded at collider experiments. A similar strategy for
a model-independent search was previously presented in [2].
All final states containing at least two objects (e, µ, j, γ, ν) with PT > 20 GeV in the polar
angle2 range 10◦ < θ < 140◦ are investigated. The complete HERA I data sample (1994 – 2000)
is used, corresponding to an integrated luminosity of 117 pb−1. All selected events are classified
into exclusive event classes according to the number and types of objects detected in the final
state (e.g. e-j, µ-j-ν, j-j-j-j-j). These exclusive event classes ensure a clear separation of final
states and allow an unambiguous statistical interpretation of deviations. All experimentally
accessible combinations of objects have been studied and data events are found in 22 of them.
In a first analysis step the global event yields of the event classes are compared with the SM
expectation. The distributions of the invariant mass Mall and of the scalar sum of transverse
momenta
∑
PT of high PT final state objects are presented. New physics may be visible as an
excess or a deficit in one of these distributions. Therefore, in a second step these distributions
are systematically investigated using a dedicated algorithm which locates the region with the
largest deviation of the data from the SM prediction. The probability of occurrence of such a
deviation is derived, both for each event class individually and globally for all classes combined.
This paper is organised as follows. Section 2 describes the Standard Model processes at
HERA and their Monte Carlo simulation. The H1 detector, the event selection and measurement
procedure are described in section 3. The event yields and distributions for each event class are
presented in section 4. The search strategy and results are explained in section 5. Section 6
summarises the paper.
1 In this paper “electrons” refers to both electrons and positrons, if not otherwise stated.
2 The origin of the H1 coordinate system is the nominal ep interaction point, with the direction of the proton
beam defining the positive z-axis (forward region). The transverse momenta are measured in the xy plane. The
pseudorapidity η is related to the polar angle θ by η = − ln tan(θ/2).
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consists of the full 1994–2000 HERA I data set. It corresponds to an integrated luminosity of
36.4 pb−1 in e+p scattering at
√
s = 301 GeV and 13.8 pb−1 in e−p scattering and 66.4 pb−1 in
e+p scattering at
√
s = 319 GeV.
The data selection requires at least one isolated electromagnetic cluster, jet or muon to be
found in the detector acceptance. Energy deposits in the calorimeters and tracks in the in-
ner tracking system are used to form combined cluster-track objects, from which the hadronic
energy is reconstructed. To reduce background it is demanded that the event vertex be re-
constructed within 35 cm in z of the nominal position3 and that
∑
i (Ei − Pz,i) < 75 GeV,
where Ei is the particle energy and Pz,i is the z component of the particle momentum. Here,
the index i runs over all hadronic energy deposits, electromagnetic clusters and muons found
in the event. Due to energy-momentum conservation events are expected to have a value of∑
i (Ei − Pz,i) = 55.2 GeV, twice the electron beam energy, if only longitudinal momentum
along the proton beam direction is unmeasured. Events with topologies typical of cosmic ray
and beam-induced background are rejected [22]. Moreover, the timing of the event is required
to coincide with that of the ep bunch crossing.
The identification criteria for each type of particle are based on those applied in previous
analyses of specific final states [15, 19, 21, 23]. Additional requirements are chosen to ensure
an unambiguous identification of particles, whilst retaining high efficiencies. The following
paragraphs describe the identification criteria for the different objects and give the identification
efficiencies for the kinematic region considered in the analysis.
Electron identification The electron identification is based on the measurement of a com-
pact and isolated electromagnetic shower in the LAr calorimeter. The hadronic energy within
a distance in the pseudorapidity-azimuth (η − φ) plane R =
√
(∆η)2 + (∆φ)2 < 0.75 around
the electron is required to be below 2.5% of the electron energy. This calorimetric electron
identification is complemented by tracking conditions. A high quality track is required to geo-
metrically match the electromagnetic cluster within a distance of closest approach to the cluster
centre-of-gravity of 12 cm. No other good track is allowed within R < 0.5 around the electron
direction. In the central region (20◦ < θ < 140◦) the distance between the first measured point
in the central drift chambers and the beam axis is required to be below 30 cm in order to reject
photons that convert late in the central tracker material. In addition, the transverse momentum
measured from the associated track P etkT is required to match the calorimetric measurement P eT
with 1/P etkT − 1/P eT < 0.02 GeV−1. In the region not fully covered by the central drift cham-
bers (10◦ < θ < 37◦) a wider isolation cone of R = 1 is required to reduce the contribution
of fake electrons from hadrons. In this forward region the identification is completed by the
requirement of associated hits in the CIP, which reduces the contamination from neutral parti-
cles showering in the material of the forward region. The resulting electron finding efficiency
is 85% in the central region and 70% in the forward region.
Photon identification The photon identification relies on the measurement of an electromag-
netic shower and on the same calorimetric isolation criteria against hadrons as for the electron
identification. In addition, photons are required to be separated from jets with P jetT > 5 GeV
3 This is not required for the event classes containing only photons or photons and a neutrino.
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Processes with the production of three or more jets, e.g. ep→ jjjX or ep→ jjjjX , are ac-
counted for using leading logarithmic parton showers as a representation of higher order QCD
radiation, with the exception of CC DIS, where the colour-dipole model [8] is used. Hadronisa-
tion is modelled using Lund string fragmentation [4]. The prediction of processes with two or
more high transverse momentum jets, e.g. ep→ jjX , ep→ ejjX , is scaled by a factor of 1.2
to normalise the leading order Monte Carlos to next-to-leading order QCD calculations [15].
3 Experimental technique
3.1 The H1 detector
The H1 detector [16] components relevant to the present analysis are briefly described here.
Jets, photons and electrons are measured with the Liquid Argon (LAr) calorimeter [17], which
covers the polar angle range 4◦ < θ < 154◦ with full azimuthal acceptance. Electromag-
netic shower energies are measured with a precision of σ(E)/E = 12%/
√
E/GeV ⊕ 1% and
hadronic energies with σ(E)/E = 50%/
√
E/GeV ⊕ 2%, as measured in test beams. The
central and forward tracking detectors are used to measure charged particle trajectories, to re-
construct the interaction vertex and to supplement the measurement of the hadronic energy.
The innermost proportional chamber CIP (9◦ < θ < 171◦) is used to veto charged particles
for the identification of photons. The LAr and inner tracking detectors are enclosed in a super-
conducting magnetic coil with a strength of 1.15 T. The return yoke of the coil is the outermost
part of the detector and is equipped with streamer tubes forming the central muon detector
(4◦ < θ < 171◦). It is also used to supplement the measurement of hadrons. In the forward
region of the detector (3◦ < θ < 17◦) a set of drift chamber layers (the forward muon system)
detects muons and, together with an iron toroidal magnet, allows a momentum measurement.
The luminosity measurement is based on the Bethe-Heitler process ep→ epγ, where the photon
is detected in a calorimeter located downstream of the interaction point.
The main trigger for events with high transverse momentum is provided by the LAr calorime-
ter. The trigger efficiency is close to 100% for events having an electromagnetic deposit in the
LAr (electron or photon) with transverse momentum greater than 20 GeV [19]. Events trig-
gered only by jets have a trigger efficiency above 90% for P jetT > 20 GeV and nearly 100%
for P jetT > 25 GeV [20]. For events with missing transverse momentum above 20 GeV, deter-
mined from an imbalance in the transverse momentum measured in the calorimeter, the trigger
efficiency is ∼ 90%. The muon trigger is based on single muon signatures from the central
muon detector, which are combined with signals from the central tracking detector. The trigger
efficiency for di-muon events is about 70% [21].
3.2 Event selection
At HERA electrons or positrons with an energy of 27.6 GeV collide with protons at an energy of
920 GeV resulting in a centre-of-mass energy of
√
s = 319 GeV. Before 1998 the proton energy
was 820 GeV resulting in a centre-of-mass energy of
√
s = 301 GeV. The event sample studied
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Event classification The common phase space for electrons, photons, muons and jets is de-
fined by 10◦ < θ < 140◦ and PT > 20 GeV. The neutrino phase space is defined by missing
transverse momentum above 20 GeV and
∑
i (Ei − Pz,i) < 48 GeV. These values are chosen
to retain a high selection and trigger efficiency. All particles with PT > 20 GeV, including
the neutrino defined by its reconstructed four-vector, are required to be isolated compared with
each other by a minimum distance R of one unit in the η − φ plane. The events are classified,
depending on the number and types of objects, into exclusive event classes. Events with an
isolated calorimetric object in the considered phase space which is not identified as a photon,
electron or jet are discarded from the analysis in order to minimise wrong classifications.
Based on these identification criteria, purities can be derived for each event class with a
sizeable SM expectation. Purity is defined as the ratio of SM events reconstructed in the event
class in which they are generated to the total number of reconstructed events in this class. Most
purities are found to be above 60% and they are close to 100% for the j-j, e-j, j-ν and µ-µ event
classes.
3.3 Systematic uncertainties
This section describes the sources of experimental and theoretical systematic uncertainties con-
sidered. Experimental systematic uncertainties arising from the measurement of the objects are
listed in table 1 (for more details see [20, 27, 28]).
• The electromagnetic energy scale uncertainty varies between 0.7% and 3% depending
on the particle’s impact point on the LAr calorimeter surface [19]. The polar angular
measurement uncertainty of electromagnetic clusters varies depending on θ between 1
and 3 mrad [19]. The identification of electron and photon candidates depends on the
tracking efficiency, which is known with a precision ranging from 2% for polar angles
above 37◦ to 7% in the forward region.
• The hadronic energy scale of the LAr calorimeter is known to 2%. The uncertainty on the
jet polar angle determination is 5 mrad for θ < 30◦ and 10 mrad for θ > 30◦.
• The uncertainty on the transverse momentum measurement for muons amounts to 5%.
The uncertainty on the polar angle is 3 mrad. The muon identification efficiency is known
with a precision of 5%.
• The trigger uncertainties for each class are determined by the object with the highest
trigger efficiency. The uncertainty on the trigger efficiency is estimated to be 3% if the
event is triggered by a jet or missing transverse momentum and 5% if it is triggered by a
muon. For electrons and photons the uncertainty on the trigger efficiency is negligible.
• The uncertainty in the integrated luminosity results in an overall normalisation error of
1.5%.
• The uncertainty in the reconstruction of ∑i (Ei − Pz,i) and the missing PT for the neu-
trino classification are obtained by propagation of the systematic errors for other objects.
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by a distance of R > 1 to the jet axis. Vetoes are applied on any charged track pointing to the
electromagnetic cluster. No track should be present with a distance of closest approach to the
cluster below 24 cm or within R < 0.5. An additional veto on any hits in the CIP is applied.
The resulting photon identification efficiency as derived using elastic QED Compton events is
90%.
Muon identification The muon identification is based on a track in the forward muon system
or in the inner tracking systems associated with a track segment or an energy deposit in the
central muon detector [23]. The muon momentum is measured from the track curvature in the
toroidal or solenoidal magnetic fields. A muon candidate should have no more than 8 GeV
deposited in the LAr calorimeter in a cylinder of radius 0.5 in (η − φ) space, centred on the
muon track direction. In di-muon events, the requirement of an opening angle between the
two muons smaller than 165◦ discards cosmic ray background. Beam halo muons are rejected
by requiring that the muons originate from the event vertex. Finally, misidentified hadrons are
almost completely suppressed by requiring that the muon candidate is separated from the closest
jet with P jetT > 5 GeV by R > 1. The efficiency to identify muons is greater than 90% [23].
Jet identification Jets are defined using the inclusive k⊥ algorithm [24, 25]. The algorithm
is applied in the laboratory frame with a separation parameter of 1 and using a PT weighted
recombination scheme [24] in which the jets are treated as massless. The jet algorithm is run
on all combined cluster-track objects not previously identified as electron or photon candidates.
The scattered electron may fake a jet. This effect is important for multi-jet events, especially at
high transverse momenta. To reject these fake jets, the first radial moment of the jet transverse
energy [26, 27] is required to be greater than 0.02 and the quantity M jet/P jetT must be greater
than 0.1 [15, 27]. The invariant mass M jet is obtained using the four-vector of all objects
belonging to the jet. If the fraction of the jet energy contained in the electromagnetic part
of the LAr calorimeter is greater than 0.9, the above criteria are tightened to 0.04 and 0.15,
respectively. The jet selection efficiency is 97%.
Neutrino identification A neutrino candidate is defined in events with missing transverse
momentum above 20 GeV. The missing momentum is derived from all identified particles and
energy deposits in the event. Fake missing transverse momentum may also arise from the
mismeasurement of an identified object. This effect is reduced by requiring that the neutrino4
be isolated from all identified objects with a transverse momentum above 20 GeV. Requiring∑
i (Ei − Pz,i) < 48 GeV discards neutrino candidates from NC processes where the missing
transverse momentum is caused by energy leakage in the forward region. If exactly one electron
or muon object is found, a neutrino object is only assigned to an event if ∆φ(l −Xtot) < 170◦,
where ∆φ(l −Xtot) is the separation in azimuthal angle between the lepton l and the direction
of the system Xtot built of all hadronic energies.
4 The four-vector of the neutrino is calculated under the assumption
∑
i (Ei − Pz,i)+(Eν − Pz,ν) = 55.2 GeV.
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event is observed in the γ-γ event class for an expectation of 1.1 ± 0.5, which is dominated by
the ep→ eγX process, where the electron is misidentified. Contributions of higher order QED
processes, which could lead to two high transverse momentum photons, are negligible.
Lepton pair production from γγ processes dominates in event classes with several leptons.
The e-e event class contains 8 events for an expectation of 11.2 ± 1.4. In this channel, a dis-
crepancy with the SM expectation was previously reported for high masses by the H1 collabo-
ration [29]. All multi-electron events mentioned in [29] and located in the phase space of this
analysis are found. In the region Mall > 100 GeV, 3 events are observed and 1.16 ± 0.25 are
expected. The higher SM prediction compared with the prediction of 0.3 in [29] is due to the
extended polar angle range in the forward region. This leads to an additional ≈ 0.4 background
events from fake electrons and≈ 0.4 events from the ep→ eeX processes. The e-e-e class con-
tains no events. None of the tri-electron events of [29] are selected here due to the requirement
of high transverse momentum. The predictions for the e-µ and µ-µ event classes are dominated
by muon pair production from two-photon reactions. The e-µ event class is populated if the
scattered electron and only one of the muons are selected. In the e-µ class, 4 events are ob-
served compared with an expectation of 4.8± 0.6. A slight excess is observed in the µ-µ event
class where 6 events are found and 2.7±0.6 are expected. Muon pair production processes also
contribute ≈ 85% in the µ-j event class, where a good agreement is found. In the e-µ, µ-µ and
µ-j event classes the
∑
PT and Mall values of the data lie between 50 and 100 GeV.
The prediction for the event classes µ-j-ν and e-j-ν consists mainly of high PT W produc-
tion with a subsequent leptonic decay. A discrepancy between the data and the SM expectation
is observed in the µ-j-ν event class, where 4 events are observed for an expectation of 0.8±0.2.
The
∑
PT values reach 170 GeV and the Mall values 200 GeV. In this event class less than
0.002 background events are expected from the photoproduction of jets via QCD processes.
Such a deviation was previously reported in [23] and will be further discussed in Section 5. In
the e-j-ν event class 2 data events are observed for an expectation of 0.9 ± 0.2. Some of the
e-j-ν events mentioned in [23] have an electron with a transverse momentum below 20 GeV and
are therefore not selected as e-j-ν events in the present analysis. The event topology e-ν is also
expected to contain events arising from W production together with background from NC DIS.
In the e-ν event class, 9 data events are observed compared with an expectation of 12.9± 4.5.
A slight excess of the data compared with the prediction is observed in the j-j-j-j event
class, with 10 data events observed and 5.2 ± 2.2 expected. One event is observed in the
e-j-j-j-j event class, to be compared with an expectation of 0.026 ± 0.011. This event has
a
∑
PT of 207 GeV and an invariant mass Mall of 262 GeV. The NC DIS expectation for
Mall > 260 GeV is (9 ± 6) · 10−5 as derived using RAPGAP. The energy flow of the event in
the η − φ view is presented in figure 4. The NC DIS and photoproduction SM predictions have
been tested using a sample of j-j-j-j events with P jetT > 15 GeV and e-j-j-j-j events with
P eT > 10 GeV and P
jet
T > 5 GeV. An adequate description of the
∑
PT and Mall distributions
of the data is obtained within the quoted SM uncertainties. Since the NC DIS prediction for
Mall > 260 GeV is only of order 0.001 fb, rare SM processes not considered in this analysis
such as W pair production may be dominant in this kinematic domain.
No events are found in any other event class, in agreement with the SM expectation (see
figure 1).
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Depending on the generator level production process, different theoretical uncertainties are
used as listed in table 2. The errors attributed to the predictions for ep → jjX , ep → jγX ,
ep→ jνX , ep→ jeX , ep→ jjνX , ep→ jjeX andW production include uncertainties in the
parton distribution functions and those due to missing higher order corrections [15, 23, 27, 28].
The error attributed to ep → µµX and ep → eeX results mainly from the limited knowledge
of the proton structure [21, 29]. The error on the QED Compton cross section is estimated to
be 5% for elastic and 10% for inelastic production. An additional theoretical error of 20% is
applied for each jet produced by parton shower processes (e.g. 20% for the j-j-j event class).
An uncertainty of 50% is added to the prediction for NC DIS events with missing transverse
momentum above 20 GeV and a high PT electron. This uncertainty is estimated by a compar-
ison of the missing transverse momentum distribution between NC DIS events with a low PT
electron (PT < 20 GeV) and the SM prediction.
All systematic errors are added in quadrature and are assigned to the SM predictions. For
example, the resulting total uncertainties for e-j events are 10% and 35% at low and high in-
variant mass Mall, respectively. In the j-j event class the errors are typically 20% and reach
40%− 50% for Mall and
∑
PT values around 250 GeV.
4 Event yields
All possible event classes with at least two objects are investigated5. The event yields subdivided
into event classes are presented for the data and SM expectation in figure 1. All event classes
with a SM expectation greater than 0.01 events are shown. No other event class contains data
events. The distributions of the scalar sum of transverse momenta
∑
PT and of the invariant
mass Mall of all objects are presented in figures 2 and 3 for classes with at least one event.
The dominant high PT processes at HERA, i.e. photoproduction of jets, NC and CC DIS,
dominate in the j-j, e-j and j-ν event classes, respectively. Events are observed with
∑
PT
and Mall values as large as 250 GeV. A good description of the data spectra by the prediction is
observed. The prediction for the event classes j-j-γ and e-j-γ is dominated by photoproduction
and NC DIS processes with the radiation of a photon, respectively. There is good agreement
between the data and the prediction. No event is observed in the radiative CC classes ν-γ and
j-ν-γ, consistent with the expectation of 2.1± 0.3 and 1.0± 0.1, respectively. The j-j-j, e-j-j,
e-j-j-j, j-j-ν and j-j-j-ν event classes correspond to processes with additional jet production
due to higher order QCD radiation. The yields of these event classes are also well described by
the SM prediction.
The e-γ event class is dominated by QED Compton scattering processes and∑PT and Mall
values up to 160 GeV are measured. A good agreement with the SM is observed. The prompt
photon j-γ event class extends up to Mall ∼ 150 GeV and is well described by the prediction.
The purity in this class is moderate (40− 50%) due to the high background from misidentified
electrons in NC DIS. Backgrounds where hadrons are misidentified as photons are small. One
5The µ-ν event class is discarded from the present analysis. It is dominated by low transverse energy photo-
production events in which a poorly reconstructed muon gives rise to missing transverse momentum, which fakes
the neutrino signature.
7
❆
♥
♥
❡①❡
▲
✲
❆
●
❡♥
❡r❛❧
❙
❡❛r❝❤
❢♦r
◆
❡✇
P
❤
❡♥
♦
♠
❡♥
❛
✐♥
ep
❙
❝❛tt❡r✐♥
❣
❛t
❍
❊
❘
❆
✶
✽
✸
Significance per event class The probability that a fluctuation with a p-value at least as small
as pmin occurs anywhere in the distribution is estimated using the following method. Many
independent hypothetical data histograms are made by filling each bin with an event number
diced according to the pdfs of the SM expectation (again a convolution of Poisson and Gaussian
pdfs). For each of these hypothetical data histograms the algorithm is run to find the region of
greatest deviation and the corresponding pSMmin is calculated. The probability Pˆ is then defined
as the fraction of hypothetical data histograms with a pSMmin equal to or smaller than the pmin
value obtained from the data. Pˆ is a measure of the statistical significance of the deviation
observed in the data. If the event classes are exclusive, the Pˆ values can be used to compare the
results of different event classes. Depending on the final state, a pmin-value of 5.7 · 10−7 (“5σ”)
corresponds to a value of − log10 Pˆ between 5 and 6.
Global significance The overall degree of agreement with the SM can be further quantified
by taking into account the large number of event classes studied in this analysis. The probability
of observing an event class with a given Pˆ value or smaller can be calculated with Monte Carlo
(MC) experiments. A MC experiment is defined as a set of hypothetical data histograms (either
in Mall or in
∑
PT ) following the SM expectation with an integrated luminosity of 117 pb−1,
on which the complete search algorithm and statistical analysis are applied as for data. This
procedure is repeated many times. The expectation for the Pˆ values observed in the data is then
given by the distribution of Pˆ SM values obtained from all MC experiments. The probability
to find a Pˆ value smaller than the minimum observed in the data can thus be calculated and
quantifies the global significance of the observed deviation.
5.2 Search results
The final Pˆ values obtained for event classes having at least one observed event are summarised
in table 3. The regions selected by the algorithm are presented in figures 2 and 3.
The most significant deviation of the analysis is found in the µ-j-ν event class. This class
has Pˆ values of 0.010 (Mall) and 0.001 (
∑
PT ). The mass region (155 < Mall < 200 GeV)
contains 3 data events for an expectation of 0.19 ± 0.05. In the chosen ∑PT region (145 <∑
PT < 170 GeV) three data events are found while only 0.07± 0.03 are expected. This event
topology was studied in [23] where this deviation at high PT was already reported.
A Pˆ value of 0.019 is found in the e-e event class in a region at high transverse momenta,
100 <
∑
PT < 130 GeV where 3 events are observed for an expectation of 0.18 ± 0.08. The
deviation is less prominent in the region selected in the invariant mass distribution due to a
higher background from NC DIS events. This corresponds to the excess of data events also
identified in [29].
A deficit is observed in the e-j event class in the
∑
PT distribution in the region 180 <∑
PT < 210 GeV. For a SM expectation of 31.2 ± 5.0 only 12 data events are observed. The
derived Pˆ value is 0.021.
Due to the uncertainties in the SM prediction in the j-j-j-j and e-j-j-j-j event classes at
the highest Mall and
∑
PT , where data events are observed (see section 4), no reliable Pˆ values
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5 Search for deviations from the Standard Model
5.1 Search algorithm and strategy
In order to quantify the level of agreement between the data and the SM expectation and to
identify regions of possible deviations, a new search algorithm is developed. Detailed studies
have shown that Mall and
∑
PT have a large sensitivity to new physics (see appendix and [28]).
The algorithm described in the following locates the region of largest deviation of the data from
the SM in these distributions. The calculation of the significance of this deviation is inspired
by [2].
Definition of regions A region in the
∑
PT and Mall distributions is defined as a set of con-
nected histogram bins6 with a size of at least twice the resolution. All possible regions of any
width and at any position in the histograms are considered. The number of data events (Nobs),
the SM expectation (NSM ) and its total systematic uncertainty (δNSM ) are calculated for each
region.
Determination of the most interesting region A statistical estimator p is defined to judge
which region is of most interest. This estimator is derived from the convolution of the Pois-
son probability density function (pdf) to account for statistical errors with a Gaussian pdf,
G(b;NSM , δNSM), with mean NSM and width δNSM , to include the effect of non negligible
systematic uncertainties. The estimator is defined via
p =


A
∞∫
0
dbG(b;NSM , δNSM)
∞∑
i=Nobs
e−bbi
i!
if Nobs ≥ NSM
A
∞∫
0
dbG(b;NSM , δNSM)
Nobs∑
i=0
e−bbi
i!
if Nobs < NSM
with A = 1/

 ∞∫
0
dbG(b;NSM , δNSM)
∞∑
i=0
e−bbi
i!

 .
The factor A ensures normalisation to unity. If G is replaced by a Dirac delta function δ(b −
NSM) the estimator p becomes the usual Poisson probability. The value of p gives an estimate of
the probability of a fluctuation of the SM expectation upwards (downwards) to at least (at most)
the observed number of data events in the region considered. The region of greatest deviation is
the region having the smallest p-value, pmin. Such a method is able to find narrow resonances
and single outstanding events as well as signals spread over large regions of phase space in
distributions of any shape [28].
6 In order to minimise binning effects, a bin size smaller than or comparable with the resolution of the studied
quantity is used. A 5 GeV bin size is used for all distributions. Further reduction of the bin size has a negligible
effect on the results.
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Appendix
Signals for new physics may appear either as a single deviation or a small set of deviations.
The following outlines how a significant deviation might be defined and presents tests of the
sensitivity of this analysis to specific signals for new physics.
The probability P nX to observe in the data a − log10 Pˆ greater than X in at least n event
classes is given by the fraction of MC experiments having at least n event classes with a
− log10 Pˆ SM > X . The P nX values obtained for this analysis are presented in table 4. Up to 3
event classes are considered. Since very similar P nX values are found for the Mall and
∑
PT dis-
tributions, averaged values are presented. For example, a P nX value smaller than 0.0005, which
might be considered to represent a significant deviation, could be obtained from one event class
with a − log10 Pˆ > 5, two event classes with a − log10 Pˆ > 3.5 or three event classes with a
− log10 Pˆ > 3. It was found that one of these cases occurs either in Mall or
∑
PT in around
0.1% of all MC experiments.
A set of pseudo data samples has been produced to test the sensitivity of the analysis pro-
cedure to some dedicated signals for new physics. The prediction of a specific model for new
physics is added to the SM prediction and this new total prediction is used to generate pseudo
data samples. Again a Monte Carlo technique is used to vary the distribution of signal events
and generate many MC experiments. The complete algorithm is run on those MC experiments
and the mean value of − log10 Pˆ in all of them is derived as a measure of sensitivity of this
analysis.
The exotic production of top quarks via a flavour-changing neutral current is first investi-
gated. The decay t → bW with subsequent leptonic and hadronic W decays has been consid-
ered. The 〈− log10 Pˆ 〉 values obtained are displayed in figure 6 (top) as a function of the cross
section for producing a top when the proton beam energy is 920 GeV. Whereas 〈− log10 Pˆ 〉 is
around 0.43 if no signal is present, the value increases if a top is produced. In the j-j-j event
class a 〈− log10 Pˆ 〉 of 2 is obtained for a cross-section σtop of ∼ 0.5 pb. This value can be
compared with the 95% confidence level exclusion limit on the top production cross section
at σtop < 0.48 pb already derived by the H1 experiment using the hadronic top decay channel
only [30]. A deviation with three event classes with a 〈− log10 Pˆ 〉 > 3 would be found in this
example for σtop ≈ 1.5 pb.
The second test concerns the production of leptoquarks (LQs) [31]. S1/2,L and V0,L type
leptoquarks have been considered, which would mainly manifest themselves in the e-j and
12
can be calculated for these classes. Consequently, these event classes are not taken into account
to determine the overall degree of agreement between the data and the SM.
The Pˆ values for event classes with no data event observed and a small SM expectation
are 1. This remains the case if an additional contribution is added from a possible further rare
process not included here. Such classes can thus be considered in the calculation of the global
significance.
The Pˆ values observed in the data in all event classes are compared in figure 5 with the
distribution of Pˆ SM obtained from the large set of MC experiments, normalised to one experi-
ment. The comparison is presented for the scans of the Mall and
∑
PT distributions. Most Pˆ
values lie above 0.01, corresponding to event classes where no significant discrepancy between
the data and the SM expectation is observed. The global probabilities to find at least one class
with a Pˆ value smaller than the observation in the µ-j-ν channel are 3% and 28% for the
∑
PT
and Mall distributions, respectively (see appendix for details).
To test the dependence of the analysis on the a priori defined PT cuts, the whole analysis
is repeated with two other object PT cuts. The PT cut was raised to 40 GeV for all objects
and lowered to 15 GeV. In the latter case it was still required that at least one object has a
PT larger than 20 GeV in order to maintain a high trigger efficiency. The analysis was also
repeated separately on the e+p and e−p data samples. In these four test scenarios a similar
overall agreement with the SM is observed. The µ-j-ν event class remains the one with the
smallest Pˆ value in the scenario with a lowered PT cut in the e+p data sample and no new
discrepancy is observed. When raising the PT cut to 40 GeV, it is mainly the two particle
event classes containing jets that are still populated and the largest deviation is observed in the
e-e class with Pˆ = 0.01.
6 Conclusions
The data collected with the H1 experiment during the years 1994–2000 (HERA I) have been in-
vestigated in a search for deviations from the SM prediction at high transverse momentum. For
the first time all event topologies involving isolated electrons, photons, muons, neutrinos and
jets are investigated in a single analysis. A good agreement between the data and the SM ex-
pectation is found in most event classes. A better knowledge of rare processes may be required
to search for deviations from the SM in final states with four jets at the highest invariant mass
or transverse momentum. The distributions in the invariant mass and scalar sum of transverse
momenta of the particles in each event class have been systematically searched for deviations
using a statistical algorithm. The most significant deviation is found in the µ-j-ν event class, a
topology where deviations have also been previously reported. About 3% (28%) of hypothetical
Monte Carlo experiments would produce a deviation in at least one event class which is more
significant than that observed in the corresponding sum of transverse momenta (invariant mass)
distribution of the topology with a jet, a muon and a neutrino.
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j-ν channels. A λ coupling of 0.05 has been assumed and the sensitivity of the present analysis
was tested for various LQ masses. The 〈− log10 Pˆ 〉 values obtained from searches in the Mall
distributions are summarised in figure 6 (bottom), for both the S1/2,L and V0,L LQ appearing in
the e-j and e-j-j as well as the j-ν and j-j-ν channels, respectively. This analysis is sensitive to
both types of leptoquarks up to masses of 240− 250 GeV. These values can be compared with
95% confidence level limits of 265 GeV for S1/2,L LQs and 240 GeV for V0,L LQs, determined
by dedicated analyses [32]. As for the case of single top production, the general search is thus
found to have a sensitivity to leptoquark production which is comparable with that of dedicated
searches.
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n P1 P1.5 P2 P2.5 P3 P3.5 P4 P4.5 P5
1 95% 65% 28% 9% 3% 0.9% 0.2% 0.1% <0.05%
2 79% 28% 4% 0.6% 0.1% <0.05% — — —
3 53% 8% 0.4% 0.05% <0.05% — — — —
Table 4: The probability P nX to find at least n event classes with a− log Pˆ value greater than X .
The values are applicable to both the Mall and
∑
PT analyses.
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Object Energy Scale θ Identification
(mrad) efficiency
Jet 2% 5–10 –
Electron 0.7–3% 1–3 2–7%
Photon 0.7–3% 1–3 2–7%
Muon 5% 3 5%
Table 1: Systematic uncertainties attributed to the measurement of energies and polar angles
and to the identification efficiencies of particles.
Process Uncertainty
ep→ jjX and ep→ jγX 15%
ep→ jνX and ep→ jeX 10%
ep→ jjνX and ep→ jjeX 15%
ep→ µµX and ep→ eeX 3%
ep→ WX and ep→ WjX 15%
ep→ eγX and ep→ eγj 10%
ep→ eγp 5%
Table 2: Theoretical uncertainties attributed to the simulation of different SM processes.
Mall
∑
PT
event class Pˆ Nobs NSM ± δNSM p Pˆ Nobs NSM ± δNSM p
j-j 0.38 1 0.035 ± 0.017 0.036 0.12 1 0.013 ± 0.006 0.013
e-j 0.94 111 139 ± 21 0.12 0.021 12 31.2 ± 5.1 0.0028
µ-j 0.67 3 1.07 ± 0.25 0.098 0.29 3 0.70 ± 0.23 0.040
j-ν 0.34 83 116 ± 14 0.028 0.22 20 36.7 ± 6.2 0.023
e-ν 0.94 5 10.6 ± 4.4 0.17 0.77 0 2.1 ± 0.8 0.17
e-e 0.32 3 0.56 ± 0.17 0.023 0.019 3 0.18 ± 0.08 0.0013
e-µ 0.21 4 0.93 ± 0.12 0.016 0.56 0 2.6 ± 0.5 0.080
µ-µ 0.069 2 0.14 ± 0.04 0.010 0.036 2 0.11 ± 0.03 0.0060
j-γ 0.52 3 10.8 ± 3.7 0.052 0.77 0 2.5 ± 1.0 0.13
e-γ 0.38 9 19.2 ± 2.0 0.014 0.64 8 15.7 ± 1.9 0.040
γ-γ 0.47 1 0.16 ± 0.09 0.15 0.31 1 0.11 ± 0.09 0.12
j-j-j 0.41 12 5.9 ± 2.0 0.050 0.58 14 7.8 ± 2.5 0.077
e-j-j 0.69 39 59.6 ± 10.7 0.058 0.085 9 23.9 ± 4.4 0.0072
j-j-ν 0.62 5 1.79 ± 0.41 0.043 0.51 5 1.74 ± 0.45 0.040
e-j-ν 0.090 2 0.19 ± 0.05 0.016 0.16 2 0.28 ± 0.06 0.034
µ-j-ν 9.7 · 10−3 3 0.19 ± 0.05 0.0011 1.0 · 10−3 3 0.068 ± 0.029 7.5 · 10−5
j-j-γ 0.27 1 0.074 ± 0.048 0.076 0.36 1 0.15 ± 0.10 0.15
e-j-γ 0.47 1 5.7 ± 1.6 0.050 0.39 1 5.6 ± 1.4 0.045
e-j-j-j 0.98 0 1.6 ± 0.5 0.23 0.87 1 0.18 ± 0.06 0.17
j-j-j-ν 0.33 1 0.084 ± 0.045 0.083 0.20 2 0.31 ± 0.14 0.044
Table 3: The Pˆ values, the number of data events Nobs and the SM expectation NSM for the
region derived by the search algorithm using the Mall and
∑
PT distributions for event classes
containing at least one event and taken into account in the statistical procedure. The p value in
the selected region is also presented.
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Figure 2: The number of data events and the SM expectation as a function of
∑
PT for classes
with at least one event. The shaded areas show the regions of greatest deviation chosen by the
search algorithm. No search is performed for the j-j-j-j and e-j-j-j-j classes.
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t♦♣♦❧♦❣✐❡s ✐♥✈♦❧✈✐♥❣ ✐s♦❧❛t❡❞ ❡❧❡❝tr♦♥s✱ ♣❤♦t♦♥s✱ ♠✉♦♥s✱ ♥❡✉tr✐♥♦s ❛♥❞ ❥❡ts ✇✐t❤ tr❛♥s✈❡rs❡
♠♦♠❡♥t❛ ❛❜♦✈❡ 20 ●❡❱ ❛r❡ ✐♥✈❡st✐❣❛t❡❞ ✐♥ ❛ s✐♥❣❧❡ ❛♥❛❧②s✐s✳ ❊✈❡♥ts ❛r❡ ❛ss✐❣♥❡❞ t♦ ❡①✲
❝❧✉s✐✈❡ ❝❧❛ss❡s ❛❝❝♦r❞✐♥❣ t♦ t❤❡✐r ✜♥❛❧ st❛t❡✳ ❆ ❞❡❞✐❝❛t❡❞ ❛❧❣♦r✐t❤♠ ✐s ✉s❡❞ t♦ s❡❛r❝❤ ❢♦r
❞❡✈✐❛t✐♦♥s ❢r♦♠ t❤❡ ❙t❛♥❞❛r❞ ▼♦❞❡❧ ✐♥ t❤❡ ❞✐str✐❜✉t✐♦♥s ♦❢ t❤❡ s❝❛❧❛r s✉♠ ♦❢ tr❛♥s✈❡rs❡
♠♦♠❡♥t❛ ♦r t❤❡ ✐♥✈❛r✐❛♥t ♠❛ss ♦❢ ✜♥❛❧ st❛t❡ ♣❛rt✐❝❧❡s ❛♥❞ t♦ q✉❛♥t✐❢② t❤❡✐r s✐❣♥✐✜❝❛♥❝❡✳
❱❛r✐❛❜❧❡s r❡❧❛t❡❞ t♦ ❛♥❣✉❧❛r ❞✐str✐❜✉t✐♦♥s ❛♥❞ ❡♥❡r❣② s❤❛r✐♥❣ ❜❡t✇❡❡♥ ✜♥❛❧ st❛t❡ ♣❛rt✐❝❧❡s
❛r❡ ❛❧s♦ ✐♥tr♦❞✉❝❡❞ t♦ st✉❞② t❤❡ ✜♥❛❧ st❛t❡ t♦♣♦❧♦❣✐❡s✳ ◆♦ s✐❣♥✐✜❝❛♥t ❞❡✈✐❛t✐♦♥ ❢r♦♠ t❤❡
❙t❛♥❞❛r❞ ▼♦❞❡❧ ❡①♣❡❝t❛t✐♦♥ ✐s ♦❜s❡r✈❡❞ ✐♥ t❤❡ ♣❤❛s❡ s♣❛❝❡ ❝♦✈❡r❡❞ ❜② t❤✐s ❛♥❛❧②s✐s✳
2 Standard Model Processes and their Simulation
A precise estimate of all processes relevant at high transverse momentum in ep interactions is
needed to ensure a reliable comparison to the SM. Several Monte Carlo (MC) generators are
therefore combined to simulate events in all classes.
At high transverse momenta the dominant SM processes are photoproduction of two jets
and neutral current (NC) deep–inelastic scattering (DIS). Direct and resolved photoproduction
of jets and prompt photon production are simulated using the PYTHIA [9] event generator. The
simulation is based on Born level hard scattering matrix elements with radiative QED correc-
tions. The RAPGAP [10] event generator, which implements the Born, QCD Compton and
boson gluon fusion matrix elements, is used to model NC DIS events. QED radiative effects
arising from real photon emission from both the incoming and outgoing electrons are simulated
using the HERACLES [11] program. In RAPGAP and PYTHIA, jet production from higher
order QCD radiation is simulated using leading logarithmic parton showers. Hadronisation is
modelled with Lund string fragmentation [9]. The leading order MC prediction of photopro-
duction and NC DIS processes with two or more high transverse momentum jets is scaled by
a factor of 1.2 to account for the incomplete description of higher orders in the MC genera-
tors [8, 12]. Charged current (CC) DIS events are simulated using the DJANGO [13] event
generator, which includes first order leptonic QED radiative corrections based on HERACLES.
The production of two or more jets in DJANGO is accounted for using the colour–dipole–
model [14]. Contributions from elastic and quasi–elastic QED Compton scattering are simu-
lated with the WABGEN [15] generator. Contributions arising from the production of single
W bosons and multi–lepton events are modelled using the EPVEC [16] and GRAPE [17] event
generators, respectively.
All processes are generated with at least ten times the integrated luminosity of the data
sample. Generated events are passed through the GEANT [18] based simulation of the H1
apparatus, which takes into account the running conditions of the different data taking periods,
and are reconstructed and analysed using the same program chain as is used for the data.
3 Experimental Conditions
A detailed description of the H1 experiment can be found in [19]. Only the detector components
relevant to the present analysis are briefly described here. The Liquid Argon (LAr) calorime-
ter [20] covers the polar angle range 4◦ < θ < 154◦ with full azimuthal acceptance. Electromag-
netic shower energies are measured with a precision of σ(E)/E ≃ 11%/
√
E/GeV ⊕ 1% and
hadronic energies with σ(E)/E ≃ 50%/
√
E/GeV⊕2%, as measured in test beams [21,22]. In
the backward region, energy measurements are provided by a lead/scintillating–fibre (SpaCal)
calorimeter [23] covering the range 155◦ < θ < 178◦. The central (20◦ < θ < 160◦) and
forward (7◦ < θ < 25◦) inner tracking detectors are used to measure charged particle trajec-
tories and to reconstruct the interaction vertex. The innermost central proportional chamber,
CIP [24, 25] (9◦ < θ < 171◦) is used together with tracking detectors to veto charged particles
for the identification of photons. The LAr calorimeter and inner tracking detectors are en-
closed in a super–conducting magnetic coil with a field strength of 1.16 T. From the curvature
5
1 Introduction
At HERA electrons1 and protons collide at a centre–of–mass energy of up to 319 GeV. The
collected luminosity of high–energy electron-proton interactions gives access to rare processes
with cross sections of the order of 0.1 pb, providing a testing ground for the Standard Model
(SM) complementary to e+e− and pp scattering.
A large variety of possible extensions to the SM predicts new phenomena which may appear
at high energies. Searches for new physics often compare the data to the predictions of specific
models. A complementary approach is followed in signature based searches by looking for
differences between data and SM expectation in various event topologies. As an advantage,
such model independent analyses do not rely on any a priori definition of expected signatures
for exotic phenomena. Therefore, they address the important question of whether unexpected
phenomena may occur through a new pattern, not predicted by existing models. Following this
approach, final states corresponding to rare SM processes such as single W boson or lepton
pair production have already been investigated at HERA [1–5]. Model independent analyses
are also performed at the Tevatron [6, 7].
The present paper reports on a general analysis of all high transverse momentum (PT ) final
state configurations involving electrons (e), muons (µ), jets (j), photons (γ) or neutrinos (ν)
in e±p collisions. This analysis searches for deviations from the SM prediction in phase space
regions where the SM prediction is reliable. All final states containing at least two particles2
(e, µ, j, γ, ν) with PT > 20 GeV in the polar angle
3 range 10◦ < θ < 140◦ are investigated.
The present analysis follows the strategy of the previous H1 publication [8]. Selected events are
classified into exclusive event classes according to the number and types of particles detected
in the final state (e.g. e-j, µ-ν-j, j-j-j-j). In a first step the event yields are compared with
the SM expectation. In a second step kinematical distributions are systematically investigated
using a dedicated algorithm [8] which locates the region with the largest deviation of the data
from the SM prediction.
The complete e±p data sample collected by the H1 experiment at HERA is used. The data
are recorded at an electron beam energy of 27.6 GeV and proton beam energies of 820 GeV or
920 GeV, corresponding to centre–of–mass energies
√
s of 301 GeV or 319 GeV, respectively.
The total integrated luminosity of the data is 463 pb−1, which represents a factor of four increase
with respect to the previously published result [8]. The data comprise 178 pb−1 recorded in e−p
collisions and 285 pb−1 in e+p collisions, of which 35 pb−1 were recorded at
√
s = 301 GeV.
While the previous general search was dominated by e+p collision data, a large data set recorded
in e−p scattering is now also analysed.
1In this paper the term “electron” is used generically to refer to both electrons and positrons, unless otherwise
stated.
2In this context a high PT jet is also called particle.
3The origin of the H1 coordinate system is the nominal ep interaction point, with the direction of the proton
beam defining the positive z–axis (forward region). The transverse momenta are measured in the xy plane. The
pseudorapidity η is related to the polar angle θ by η = − ln tan(θ/2).
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For electrons, the calorimetric energy measured within a distance in the pseudorapidity–
azimuth (η, φ) plane R =
√
∆η2 +∆φ2 < 0.75 around the candidate is required to be below
2.5% of its energy. In the region of angular overlap between the LAr and the central tracking
detectors (20◦ < θ < 140◦), hereafter referred to as the central region, the calorimetric electron
identification is complemented by tracking information. In this region it is required that a
well measured track geometrically matches the centre–of–gravity of the electromagnetic cluster
within a distance of closest approach (DCA) of 12 cm. Furthermore, the distance from the first
measured track point in the central drift chambers to the beam axis is required to be below
30 cm in order to reject photons that convert late in the central tracker material. In the central
region, the transverse momentum of the associated electron track P etkT is required to match
the calorimetric measurement P eT such that 1/P
etk
T − 1/P eT < 0.02 GeV−1 in order to reject
hadronic showers. In the forward region (10◦ < θ < 20◦), a wider calorimetric isolation cone
of R < 1 is required to reduce the contribution of fake electrons from hadrons. In this forward
region, at least one track is required to be present with a DCA < 12 cm. The presence of at least
one hit in the CIP, associated to the electron trajectory, is also required. Finally, the electron
is required to be isolated from any other well measured track by a distance R > 0.5 (R > 1)
to the electron direction in the central (forward) region. The resulting electron identification
efficiency is ∼ 80% in the central region and ∼ 40% in the forward region, determined from
NC DIS events.
The identification of photons relies on the same calorimetric isolation criteria as used in
the electron identification. Vetoes on any track pointing to the electromagnetic cluster are ap-
plied. No track with a DCA to the cluster below 24 cm or within R < 0.5 should be present.
An additional veto on any hits in the CIP associated to the electromagnetic cluster is applied.
Furthermore, each photon must be isolated from jets by R > 0.5. The resulting photon identi-
fication efficiency as derived using elastic QED Compton events is ∼ 95% in the central region
and ∼ 50% in the forward region.
A muon should have no more than 5 GeV deposited in a cylinder, centred on the muon
track direction, of radius 25 cm and 50 cm in the electromagnetic and hadronic sections of the
LAr calorimeter, respectively. Misidentified hadrons are strongly suppressed by requiring that
the muon be separated from the closest jet and from any further track by R > 1. In di–muon
events, the opening angle between the two muons is required to be smaller than 165◦, in order
to remove muons originating from cosmic rays. The efficiency to identify muons is ∼ 90% [5].
The scattered electron may be misidentified as a hadron and reconstructed as a jet. To reject
fake jet candidates, the first radial moment of the jet transverse energy [35,36] is required to be
greater than 0.02 and the quantityM jet/P jetT greater than 0.1 [12, 36], where the invariant mass
M jet is obtained using the four–vector sum of all particles belonging to the jet. If the fraction of
the jet energy contained in the electromagnetic part of the LAr calorimeter is greater than 0.9,
the above criteria are tightened to 0.04 and 0.15, respectively. These requirements are fulfilled
by ∼ 97% of the jets [36].
Missing transverse momentum, which is the main signature for neutrinos, may arise from
mis–measurement of particles. By requiring
∑
i (E
i − P iz) < 48 GeV, fake neutrino candidates
from NC DIS processes are rejected. If exactly one electron or muon candidate is found, a
neutrino is only assigned to an event if ∆φ(l−Xh) < 160
◦, where ∆φ(l−Xh) is the difference in
azimuthal angle between the lepton l and the direction of the hadronic final state Xh.
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of charged particle trajectories in the magnetic field, the central tracking system provides trans-
verse momentum measurements with a resolution of σPT /PT = 0.005PT/GeV ⊕ 0.015 [26].
The return yoke of the magnetic coil is the outermost part of the detector and is equipped with
streamer tubes forming the central muon detector (4◦ < θ < 171◦). In the forward region
of the detector (3◦ < θ < 17◦) a set of drift chambers detects muons and measures their
momenta using an iron toroidal magnet. The luminosity is determined from the rate of the
Bethe–Heitler process ep → epγ, measured using a photon detector located close to the beam
pipe at z = −103 m, in the backward direction.
The main trigger is provided by the LAr calorimeter [27]. Events with an electromagnetic
deposit (electron or photon) in the LAr with an energy greater than 10 GeV are detected by the
LAr trigger with an efficiency of almost 100% [28]. Events are also triggered by jets only, with
a trigger efficiency above 95% for P jetT > 20 GeV and nearly 100% for P
jet
T > 25 GeV [29].
For events with missing transverse energy of 20 GeV, the trigger efficiency is about 90% and
increases above 95% for missing transverse energy above 30 GeV [30]. The trigger for events
with only muons is based on single muon signatures from the central muon detector, combined
with signals from the central tracking detector. The trigger efficiency is about 95% for di–muon
events with muon transverse momenta larger than 15 GeV [5].
4 Data Analysis
4.1 Event Reconstruction and Particle Identification
In order to remove background events induced by cosmic showers and other non–ep sources,
the event vertex is required to be within 35 cm in z of the nominal interaction point. In addition,
topological filters and timing vetoes are applied [31].
Calorimetric energy deposits and tracks are used to look for electron, photon and muon
candidates. Electron and photon candidates are characterised by compact and isolated elec-
tromagnetic showers in the LAr calorimeter. The identification of muon candidates is based
on a track measured in the inner tracking systems associated with signals in the muon detec-
tors [1]. Calorimeter energy deposits and tracks not previously identified as electron, photon
or muon candidates are used to form combined cluster–track objects, from which the hadronic
final state is reconstructed [29, 32]. Jet candidates with a minimum transverse momentum of
2.5 GeV are reconstructed from these combined cluster–track objects using an inclusive kT
algorithm [33, 34] with a PT weighted recombination scheme in which the jets are treated as
massless. The missing transverse momentum PmissT of the event is derived from all detected
particles and energy deposits in the event. In events with large PmissT , a neutrino candidate is
reconstructed. The four–vector of this neutrino candidate is calculated assuming transverse mo-
mentum conservation and the relation
∑
i(E
i − P iz) + (Eν − P νz ) = 2E0e = 55.2 GeV, where
the sum runs over all detected particles, Pz is the momentum along the proton beam axis and
E0e is the electron beam energy. The latter relation holds if no significant losses are present in
the electron beam direction.
Additional requirements are applied to ensure an unambiguous identification of particles,
while retaining good efficiencies. Strict isolation criteria are applied in order to achieve high
purities in all event classes.
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PT jet. To account for the uncertainty on higher order QCD corrections, an error of 15% on
the NC DIS and photoproduction processes with at least two high PT jets is considered. The
uncertainty of CC DIS processes with at least two high PT jets is estimated to be 20% [30].
The errors include uncertainties from the proton parton distribution functions and from missing
higher order QCD corrections. For each additional jet produced by parton shower processes, a
further theoretical error of 20% is added [37], for example 20% for the j-j-j event class.
The error on the elastic and quasi–elastic QED Compton cross sections is conservatively
estimated to be 5%. The error on the inelastic QED Compton cross section is 10%. The errors
attributed to lepton–pair and W production are 3% and 15%, respectively. An uncertainty of
30% on the simulation of radiative CC DIS events is considered to account for the lack of
QED radiation from the quark line in the DJANGO generator. This uncertainty is estimated
for the specific phase space of the analysis by a comparison of the DJANGO result to the
calculated cross section of the e−p→νeγX process [38]. An uncertainty of 50% is added to the
prediction for NC DIS events with measured missing transverse momentum above 20 GeV and
a high PT electron. This uncertainty is estimated by a comparison of the missing transverse
momentum distribution of data events containing a low PT electron (P
e
T < 20 GeV) with the
SM prediction [37].
The total error on the SM prediction is determined by adding the effect of all model and
experimental systematic uncertainties in quadrature.
5 Results
5.1 Event Yields
The event yields for all event classes are presented for the data and SM expectation in fig-
ures 1(a) and 1(b) for e+p and e−p collisions, respectively. All event classes with observed
data events or with a SM expectation greater than 0.01 events are shown. The corresponding
observed and predicted event yields for all e±p data are summarised in table 1. Events are ob-
served in 27 classes and a good description of the number of observed data events by the SM
prediction is seen in each class.
The j-j, j-j-j and j-j-j-j event classes are dominated by photoproduction processes. No
event with five jets is observed. The SM prediction of the e-j, e-j-j, e-j-j-j and e-j-j-j-j event
classes is dominated by NC DIS processes. One event, already discussed in a previous H1
publication [8], is observed in the e-j-j-j-j event class and compares to a SM prediction of
0.13±0.06. The ν-j, ν-j-j, ν-j-j-j and ν-j-j-j-j event classes mainly contain events from CC
DIS processes. One event is observed in the ν-j-j-j-j event class compared to a SM expectation
of 0.05± 0.02.
Events from QED Compton processes populate the γ-e event class as well as the γ-e-j event
class in the case of inelastic events. The γ-j event class corresponds to prompt photon events.
The purity in this class is moderate (∼ 50%) due to the high background from misidentified
electrons in NC DIS. A slight deficit of data events is observed in the radiative CC DIS classes
γ-ν and γ-ν-j.
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4.2 Event Selection and Classification
The common phase space for electrons, photons, muons and jets is defined by 10◦ < θ < 140◦
and PT > 20 GeV. The neutrino phase space is defined as missing transverse momentum above
20 GeV and
∑
i (E
i − P iz) < 48 GeV. All particles with PT > 20 GeV, including the neutrino
defined by its reconstructed four–vector, are required to be isolated with respect to each other
by a minimum distance R > 1. The particles satisfying these requirements are referred to
as bodies. The events are sorted depending on the number and types of bodies into exclusive
event classes. All possible event classes with at least two bodies are investigated. Only the
µ-ν event class is discarded from the analysis. This class is dominated by events in which a
poorly reconstructed muon gives rise to missing transverse momentum, which fakes the neutrino
signature.
Based on these identification criteria, purities have been derived for each event class. Purity
is defined as the ratio of SM events reconstructed in the event class in which they are generated
to the total number of reconstructed events in this class. Most purities are found to be above
60% and are close to 100% for the j-j, e-j, ν-j and µ-µ event classes.
4.3 Systematic Uncertainties
The following experimental systematic uncertainties are considered:
• The uncertainty on the electromagnetic energy scale varies depending on the polar angle
from 0.7% in the central region to 2% in the forward region. The polar angle measure-
ment uncertainty of electromagnetic clusters is 3 mrad. The identification efficiency of
electrons (photons) is known with an absolute uncertainty of 3% (5%) to 5% (10%), de-
pending on the polar angle.
• The scale uncertainty on the transverse momentum of high PT muons is 2.5% [5]. The
uncertainty on the reconstruction of the muon polar angle is 3 mrad. The identification
efficiency of muons is known with an absolute uncertainty of 5%.
• The jet energy scale is known within 2% [30]. The uncertainty on the jet polar angle
determination is 10 mrad.
• The absolute uncertainty on the trigger efficiency is estimated to be 6% if only muons are
present in the final state and 3% in all other cases.
• The luminosity measurement has an uncertainty of 3%.
The effects of the above uncertainties on the SM expectation are determined by varying
the experimental quantities by ±1 standard deviation in the MC samples and propagating these
variations through the whole analysis chain.
Additional model uncertainties are attributed to the SM Monte Carlo generators described
in section 2. An error of 10% is attributed to NC and CC DIS processes with only one high
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and related to the dynamics of a possible multi–body decay of a new particle. The sensitivity
of these two variables cos θ∗lead and Xlead to new physics is tested using different MC samples
of exotic processes, for example leptoquarks, excited fermions, or anomalous top production. It
has been verified that SM and exotic events exhibit different spectra in these two variables, two
examples of which are given in figure 4.
The distributions of cos θ∗lead and Xlead are presented in figure 5 for event classes with only
two bodies and for event classes with more than two bodies, respectively. A good overall agree-
ment with the SM prediction is observed in all cases. This illustrates that the event topology
and kinematics, as well as the global variables
∑
PT andMall, are well described by the SM.
5.3 Search for Deviations from the Standard Model
In order to quantify the level of agreement between the data and the SM expectation and to
identify regions of deviations in the
∑
PT , Mall, cos θ
∗
lead and Xlead distributions, the search
algorithm developed in [8] is used. A region is defined as a set of connected histogram bins
with at least twice the size of the resolution. A statistical estimator p is defined in order to judge
which region is of largest interest. This estimator is derived from the convolution of the Poisson
probability density function (pdf) to account for statistical errors and a Gaussian pdf to include
the effect of systematic uncertainties [8]. The value of p gives an estimate of the probability
of a fluctuation of the SM expectation upwards (downwards) to at least (at most) the observed
number of data events in the region considered. The region of greatest deviation is the region
having the smallest p–value, pmin. The regions selected by the algorithm in
∑
PT and Mall
distributions of each class are presented for all e±p data in figures 2 and 3, respectively. The
corresponding selected regions for cos θ∗lead and Xlead distributions are shown in figure 5.
The fact that the deviation could have occurred at any point in the distribution is taken
into account by calculating the probability Pˆ to observe a deviation with a p–value pmin at
any position in the distribution. Pˆ is a measure of the statistical significance of the deviation
observed in the data. The event class of most interest in the search for anomalies is the one with
the smallest Pˆ value. Values of Pˆ larger than 0.01 indicate event classes where no significant
discrepancy between data and the SM expectation is observed. The Pˆ values measured in each
of the event classes are listed in table 1. Due to the uncertainties of the SM prediction in
the j-j-j-j, e-j-j-j-j and ν-j-j-j-j event classes, no reliable Pˆ values can be calculated for
them [8] and they are therefore not considered in the search for deviations from the SM.
The overall agreement with the SM can further be quantified by taking into account the
large number of event classes in this analysis. Among all studied classes there is some chance
that small Pˆ values occur. This probability can be calculated on a statistical basis with MC
experiments. A MC experiment is defined as a set of hypothetical data histograms following
the SM expectation with an integrated luminosity equal to the amount of data recorded. The
complete search algorithm and statistical analysis are applied to MC experiments analogously
as to the data. The expectation for the Pˆ values observed in the data is then given by the
distribution of Pˆ values obtained from all MC experiments.
The Pˆ values observed in the data in all event classes are compared in figure 6 to the dis-
tribution of Pˆ obtained from a large set of MC experiments. The comparison is presented for
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Lepton pair production from γγ processes dominates in event classes with several leptons
(e-e, µ-µ, e-µ and e-e-e). Compared to the results of a previous study of multi–lepton topolo-
gies [5], the phase space of the present analysis is restricted to higher PT and extended to
forward polar angles down to 10◦. All multi–lepton events mentioned in [5] and located in the
phase space of this analysis are found. The e-e event class contains 7 events with an invariant
mass Mee > 100 GeV compared to a SM expectation of 3.4 ± 0.5 of which 69% are from
lepton pair processes. The e-e-e event class contains one event compared to a SM expectation
of 0.22± 0.04.
The prediction for the event classes µ-ν-j and e-ν-j consists mainly of high PT single W
production with subsequent leptonic decay. In the µ-ν-j (e-ν-j) event class 5 (4) events are
observed, with a SM expectation of 2.8± 0.5 (3.2± 0.5). Two events classified as µ-ν-j in the
previous analysis [8] now migrate to µ-j and ν-j event classes, respectively, due to improve-
ments in the energy and momentum reconstruction. Events arising from W production also
enter in the e-ν event class. In this class 16 events are observed compared to an expectation of
21.5± 3.5, of which about 90% is due toW production processes.
5.2 Event Topology
The distributions of the scalar sum of transverse momenta
∑
PT and of the invariant massMall
of all bodies are presented in figures 2 and 3, respectively, for classes with at least one event.
The data are in agreement with the SM prediction. In particular, multiple jets topologies, which
are sensitive to QCD radiation, are well described by the simulation.
The final state topologies are also evaluated in terms of angular distributions and energy
ratios, which are sensitive to spin and decay properties of hypothetical high mass particles.
Variables used to study the decomposition of the final states, inspired by topological analyses
of multi–jet events [39], are defined in the following. In each event a leading body is selected
according to the following priority list between bodies of different types: γ, e, µ, ν, j. This
order of preference allows a better separation of SM background from events originating from
a new resonance decaying to a photon or a lepton. If two bodies of the same type are present,
the one with the highest transverse momentum P ∗T , relative to the incident proton in the centre–
of–mass frame defined by all bodies, is selected. For classes with exactly two bodies of the
same type, the leading body is taken as the one with the highest PT in the laboratory frame. The
variable cos θ∗lead is then defined as the cosine of the polar angle of the leading body relative to
the incident proton in the centre–of–mass frame defined by all bodies. The variableXlead is the
energy fraction of the leading body and is defined for systems with three or more bodies as
Xlead =
2E∗lead∑
iE
∗
i
, (1)
where the sum runs over all bodies, andE∗lead andE
∗
i are calculated in the centre–of–mass frame
of all bodies. For events with two bodies, the cos θ∗lead distribution is related to the underlying
2 → 2 matrix element. Therefore, the angular distribution of a particle coming from the decay
of a new resonance may be markedly different from that of particles produced in SM processes
(see for example [40]). For final states with more than two bodies, Xlead is a Dalitz variable
10
❆
♥
♥
❡①❡
▼
✲
❆
●
❡♥
❡r❛❧
❙
❡❛r❝❤
❢♦r
◆
❡✇
P
❤
❡♥
♦
♠
❡♥
❛
❛t
❍
❊
❘
❆
✶
✾
✺
is found in the e-e event class, in e+p collisions, at high invariant masses and corresponds to
a probability of 0.0035. The probability to observe a SM fluctuation with that significance or
higher for at least one event class is 12%. This comprehensive analysis demonstrates the very
good understanding of high PT SM phenomena achieved at the HERA collider.
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H1 General Search at HERA (e±p, 463 pb−1)
Event class Selection Data SM PˆPPT PˆMall
j-j cos θ∗lead > 0 83155 82800± 15610 0.46 0.44
e-j cos θ∗lead > 0 6532 6603± 783 0.23 0.033
ν-j cos θ∗lead > 0 2177 2076± 240 0.61 0.75
γ-j cos θ∗lead > 0 123 118± 20 0.15 0.016
γ-e cos θ∗lead > 0 227 260± 25 0.12 0.19
j-j-j cos θ∗lead > 0 1359 1218± 340 0.36 0.63
e-j-j cos θ∗lead > 0 65 74± 13 0.75 0.37
ν-j-j cos θ∗lead > 0 58 53± 12 0.62 0.26
j-j-j 0.75 < Xlead < 0.9 1672 1658± 482 0.096 0.40
e-j-j 0.75 < Xlead < 0.9 419 419± 81 0.018 0.07
ν-j-j 0.75 < Xlead < 0.9 133 109± 22 0.26 0.19
Table 2: Observed and predicted event yields for considered event classes after a cut on the
topological variables. Each event class is labeled with the leading body listed first. The errors
on the predictions include model uncertainties and experimental systematic errors added in
quadrature. The Pˆ values obtained in the scan of
∑
PT and Mall distributions are indicated in
the last two columns.
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H1 General Search at HERA (e±p, 463 pb−1)
Event class Data SM PˆPPT PˆMall Pˆcos θ∗lead PˆXlead
j-j 156724 153278± 27400 0.57 0.33 0.98
e-j 125900 127917± 15490 0.090 0.99 0.40
µ-j 21 19.5± 3.0 0.30 0.46 0.024
ν-j 11081 11182± 1165 0.33 0.31 0.25
e-ν 16 21.5± 3.5 0.13 0.084 0.62
e-e 36 40.0± 3.7 0.35 0.041 0.52
e-µ 19 21.0± 2.1 0.46 0.83 0.81
µ-µ 18 17.5± 3.0 0.31 0.50 0.88
γ-j 563 538± 86 0.31 0.21 0.77
γ-e 619 648± 62 0.93 0.99 0.10
γ-µ 0 0.22± 0.04 1 1 1
γ-ν 4 9.6± 2.8 0.076 0.33 0.22
γ-γ 1 1.1± 0.6 0.66 0.35 0.11
j-j-j 2581 2520± 725 0.54 0.65 0.18
e-j-j 1394 1387± 270 0.0044 0.70 0.28
µ-j-j 1 0.46± 0.18 0.12 0.072 0.99
ν-j-j 355 338± 62 0.80 0.48 0.62
e-e-j 0 0.31± 0.04 1 1 1
e-e-ν 0 0.06± 0.01 1 1 1
e-e-e 1 0.22± 0.04 0.15 0.031 0.14
µ-µ-j 0 0.16± 0.03 1 1 1
e-µ-µ 0 0.37± 0.07 1 1 1
µ-µ-ν 0 0.010± 0.005 1 1 1
e-µ-j 0 0.16± 0.04 1 1 1
e-ν-j 4 3.2± 0.5 0.24 0.57 0.095
µ-ν-j 5 2.8± 0.5 0.27 0.30 0.35
e-µ-ν 0 0.05± 0.01 1 1 1
γ-j-j 5 6.7± 1.3 0.41 0.25 0.91
γ-e-j 12 19.4± 4.0 0.31 0.28 0.53
γ-ν-j 1 4.5± 1.5 0.35 0.62 0.47
e-j-j-j 19 22± 6.5 0.84 0.80 0.14
ν-j-j-j 7 5.2± 1.4 0.47 0.39 0.017
γ-ν-j-j 0 0.16± 0.07 1 1 1
e-ν-j-j 0 0.15± 0.09 1 1 1
γ-e-j-j 0 0.22± 0.07 1 1 1
e-e-ν-j 0 0.10± 0.06 1 1 1
e-µ-ν-j 0 0.08± 0.05 1 1 1
j-j-j-j 40 33± 13
e-j-j-j-j 1 0.13± 0.06
ν-j-j-j-j 1 0.05± 0.02
j-j-j-j-j 0 0.14± 0.09
Table 1: Observed and predicted event yields for all event classes with observed data events
or a SM expectation greater than 0.01 for all e±p data. Each event class is labeled with the
leading body listed first. The errors on the predictions include model uncertainties and experi-
mental systematic errors added in quadrature. The Pˆ values obtained in the scan of
∑
PT ,Mall,
cos θ∗lead and Xlead distributions are also given.
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Figure 2: The number of data events and the SM expectation as a function of
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PT for classes
with at least one event. The shaded areas show the regions of largest deviation identified by the
search algorithm. No such search is performed for the j-j-j-j, e-j-j-j-j and ν-j-j-j-j classes.
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Figure 1: The data and the SM expectation for all event classes with observed data events or a
SM expectation greater than 0.01 events for e+p collisions (a) and e−p collisions (b). The error
bands on the predictions include model uncertainties and experimental systematic errors added
in quadrature.
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arbitrary normalisation, the distribution corresponding to an exotic resonance with a mass of
200 GeV (e∗ [41] in (a) and ν∗ [42] in (b)).
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Figure 6: The –log10 Pˆ values for the data event classes and the expected distribution from MC
experiments as derived with the search algorithm by investigating the Mall distributions (left
column) and
∑
PT distributions (right column). The results of the scan are presented for all
data (a and b), and separately for e−p (c and d) and e+p (e and f) data.
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Figure 5: The distribution of cos θ∗lead for event classes with two bodies (top) and of Xlead for
event classes with more than two bodies (bottom). The points correspond to the observed data
events and the open histograms to the SM expectation. Only event classes with at least one data
event are presented. The shaded areas show the regions of largest deviation identified by the
search algorithm. No such search is performed for the j-j-j-j, e-j-j-j-j and ν-j-j-j-j classes.
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